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Abstract
Neutrinos are elementary particles of nature, and they are composed of three flavours;
electron, muon, and tau neutrinos. Neutrino telescopes, such as the IceCube Neutrino
Observatory, detect high-energy neutrinos produced from cosmic ray interactions in the
atmosphere and distant astrophysical objects. Such high-energy neutrinos can be used as
a probe to search for violations of fundamental spacetime symmetries as new spacetime
structure can drive non-standard flavour mixings of neutrinos. Firstly, a search using
atmospherically produced neutrinos detected at IceCube is presented. This allows us to
set limits on higher-dimensional operators in this framework. Secondly, a search using very-
high-energy astrophysically produced neutrinos is presented, searching for modifications in
the measured astrophysical neutrino flavour composition for the very first time. Although
the current statistics and detector sensitivity allows for searches for only rather special
new physics effects, it is demonstrated that the sensitivity of this new approach reaches
for the first time the necessary precision to look for new physics within the Planck scale
expectation.
Future neutrino telescopes such as the IceCube-Upgrade will focus on oscillation physics
down to ∼ few GeV. Here, photomultiplier tubes (PMTs) are used to cover large vol-
umes, however instrumentation is relatively coarse, and particle identification (PID) is
done through the morphology of PMT hits. Here, the principle of pulse shape PID using
a single 10-inch hemispherical PMT is studied. The Fermilab Test Beam Facility MTest
beam line is used to demonstrate that with pulse shape PID, it is possible to distinguish
2 GeV electrons from 8 GeV pions, where the total charge deposition is ∼ 20 PE. Further-
more, among the physics of hadronic systems in neutrino interactions, the hadronization
model controls multiplicities of final state hadrons. Here, the possibility of implementing
the pythia 8 program in the genie neutrino interaction generator is studied, showing
comparisons of pythia 8 predictions with neutrino-hadron multiplicity data from bubble
chamber experiments.
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Part I
Neutrinos at IceCube
1

1 Neutrino Physics
1.1 History
The name “neutrino” was coined to describe a then hypothetical particle suggested by
Wolfgang Pauli in the 1930’s [1]. Pauli’s idea was that of a neutral, weakly interacting
particle having a very small mass. He proposed this particle could be used to explain
the spectrum of electrons emitted by β-decays of atomic nuclei, which was of considerable
controversy at the time. The observed spectrum of these electrons is continuous [2], which
is incompatible with the two-body decay description successfully used to describe discrete
spectral lines in α- and γ- decay of atomic nuclei. As Pauli observed, by describing β-decay
as a three-body decay instead, releasing both an electron and his proposed particle, one
can explain the continuous β-decay spectrum while still imposing the laws of conservation
of energy and spin. Soon after discovery of the neutron [3], Enrico Fermi used Pauli’s light
neutral particle as an essential ingredient in his successful theory of β-decay, giving the
neutrino it’s name as a play on words of “little neutron” in Italian and predicting that it
should have a very small or zero mass [4]. It was not until some 20 years later that the
discovery of the neutrino was realised. Nuclear reactors provide a large flux of neutrinos
and this was exploited by Cowan and Reines who were successfully able to detect inverse
β-decay interactions occurring when a neutrino interacts with a proton [5]. With a further
understanding of the weak force, these neutrinos induced from β-decay were identified
to be not just neutrinos but electron antineutrinos. It was eventually understood that
neutrinos came in three distinct flavours (ve, vµ, vτ ) along with their associated antiparticles
(v̄e, v̄µ, v̄τ ), in a similar paradigm to that of the charged leptons.
The Sun also produces a large flux of neutrinos and so efforts to detect such solar neu-
trinos were undertaken by Ray Davis and his team, giving birth to the field of neutrino
astrophysics [6]. In 1968, Davis constructed a detector filled with a chlorine compound
at the Homestake mine. Here, ve incident on 37Cl would interact, causing a conversion of
37Cl into 37Ar, which could be counted and then used to make an inference on the rate of
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ve interactions. Whilst the presence of these neutrino interactions was confirmed in this
experiment, the observed rate was less than that predicted by the standard solar models.
This discrepancy is known as the solar neutrino problem. One solution came from the
hypothesis that the neutrino may transform to a neutrino of a different flavour, in analogy
to that of neutral meson oscillations [7, 8] but this solution was not confirmed until further
observations had been made. A series of neutrino experiments were carried out to under-
stand this, and it was during this time in which neutrinos were, for the first time, detected
from a source from outside our galaxy. In 1987, a burst of neutrino events were observed
preceding the optical detection of a supernova in the Large Magellanic Cloud [9–12].
Neutrinos are also produced when cosmic rays interact with the Earth’s atmosphere. The
flux of these atmospheric neutrinos is roughly isotropic across the Earth and this makes
them interesting to study as it provides detectors with a 4π flux of atmospheric neutrinos.
The neutrinos which travel from the other side of the Earth will have a much larger baseline
to travel than those produced above a detector, giving more time for the phenomena of
neutrino oscillations to occur. This was observed by the Super-Kamiokande experiment
which was able to measure the zenith angle dependence of the flux of atmospheric vµ
and then show that the observations made were consistent with the neutrino oscillation
hypothesis [13]. The next step in our understanding came from the Sudbury Neutrino
Observatory (SNO) experiment which detected solar neutrinos. SNO had the ability to
both observe charged current ve interactions and also the total neutral-current interactions
from all three neutrino flavours [14, 15]. Again it saw a deficit in the number of charged-
current ve interactions but it was critically able to show that the total neutral-current
flux was consistent with solar models, provding the first convincing evidence of flavour
transitions from ve to vµ, vτ .
Figure 1.1 shows the evolution of neutrino experiment technologies and size. It gives
a glimpse into the rich and ongoing field of neutrino physics, and the great potential
neutrinos have to probe the unknowns in the Universe and discover physics beyond the
Standard Model.
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Figure 1.1: Historical evolution of the size and type of neutrino detection technology. Detectors are categorised into one of the following detection
technologies: Cherenkov, radiochemical, segmented tracker, time projection chamber (TPC), unsegmented scintillator or bubble chamber,
as indicated by the shape (and colour). Active volume mass of each detector is plotted against the year in which the detector became
operational. This plot was made as part of INSS 2017 [16].
5
1 Neutrino Physics
1.2 Neutrino Mixing
For the three massive neutrinos, the flavour eigenstates of the neutrino |vα〉, α ∈ {e, µ, τ},
are related to the mass eigenstates |vi〉, i ∈ {1, 2, 3} via a unitary mixing matrix Uαi known
as the PMNS matrix [7, 8]:
|vα〉 =
3∑
i=1
U∗αi |vi〉 (1.1)
This relationship between them can be better visualised in Figure 1.2. The time evolution
of the flavour eigenstate as the neutrino propagates is given by:
|vα (t)〉 =
3∑
i=1
U∗αi |vi (t)〉 (1.2)
There are various mathematical approaches on the theory of neutrino mixing such the plane
wave approximation [17], quantum mechanical wave packet treatments [18, 19] or through
a Quantum Field Theory framework [20]. Despite the subtleties between the approaches,
the final expression for the oscillation probability is robust. This section will focus on
describing the mixing a neutrino undergoes in a vacuum. As shall be seen, in this case the
neutrino mixing occurs in an oscillatory fashion and so can be described more specifically
as neutrino oscillations. This section will also follow the derivation given in [21] in which
the neutrino is described as a plane wave. Here, the time evolution of the neutrino in a
vacuum can be described by the Schrödinger equation:
i
∂
∂t
|vi (t)〉 = H |vi (0)〉 (1.3)
|vi (t)〉 = e−i(Eit−~pi·~x) |vi (0)〉 (1.4)
where the Hamiltonian, H, eigenstates are the mass eigenstates with Ei =
√
|~pi|2 +m2i ,
where Ei and ~pi are the energy and momentum associated to each mass eigenstate, respec-
tively. The case in which the neutrino momenta are aligned along ~x such that ~pi · ~x = piL
where pi = | ~pi| and L = |~x| is considered1.
1This is sometimes referred to as the equal momentum approximation and it can be shown that this
approximation is appropriate as long as the dependence of the production and detection probabilities on
the neutrino masses is negligible [21].
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Figure 1.2: Graphical representation of the relationship between the neutrino flavour and mass
eigenstates. The three mass eigenstates are depicted as three boxes, coloured such
that the relative area gives the probability of finding the corresponding flavour neu-
trino in that given mass state. Normal ordering of the neutrino masses is assumed
and mixing elements reflect neutrino propagation in a vacuum. Normal ordering
and inverted ordering correspond to the case where the mass of v3 is greater than
the mass of v1 or the mass of v1 is greater than the mass of v3, respectively.
In the ultrarelativistic limit, the dispersion relation can be approximated:
Ei =
√
p2i +m
2
i ≈ pi +
m2i
2pi
≈ pi +
m2i
2E
(1.5)
where E is neutrino energy neglecting mass contributions. Then in natural units, t ≈ L
which is the distance travelled by the neutrino and this relation is sometimes called the
light-ray approximation (more on this in Section 1.2.3).
Eit− ~pi · ~x ≈ Eit− piL (1.6)
≈ (Ei − pi)L (1.7)
≈ m
2
i
2E
L (1.8)
|vi (L)〉 = e−i
m2i L
2E |vi (0)〉 (1.9)
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The oscillation probability gives the probability that a neutrino produced in a flavour state
α is then detected in a flavour state β after a propagation distance L:
Pvα→vβ (L) = |〈vβ (L)|vα (0)〉|2 (1.10)
=
∣∣∣∣∣∣
3∑
i=1
3∑
j=1
〈vj (L)|UβjU∗αi |vi (0)〉
∣∣∣∣∣∣
2
(1.11)
=
∣∣∣∣∣∣
3∑
i=1
3∑
j=1
UβjU
∗
αi 〈vj (0)| e−i
m2jL
2E e−i
m2i 0
2E |vi (0)〉
∣∣∣∣∣∣
2
(1.12)
=
∣∣∣∣∣
3∑
i=1
UβiU
∗
αie
−im
2
i L
2E
∣∣∣∣∣
2
(1.13)
where the relation 〈vi|vj〉 = δij was used. Expanding this expression gives [21]:
Pvα→vβ (L,E) = δαβ − 4
∑
i>j
Re
(
U∗αiUβiUαjU
∗
βj
)
sin2
(
∆m2ijL
4E
)
+ 2
∑
i>j
Im
(
U∗αiUβiUαjU
∗
βj
)
sin
(
∆m2ijL
2E
)
(1.14)
where ∆m2ij = m
2
i −m2j . First note that for neutrino oscillations to occur, there must be at
least one non-zero ∆m2ij and therefore there must exist at least one non-zero neutrino mass
state. Second is that the oscillation probability is Lorentz invariant, meaning that neutrino
flavour at detection is seen as being the same by any inertial observer. The approximation
t ≈ L was made, which means that L transforms as t, which subsequently transforms as
E as they are both time-like components. Therefore the ratio L/E is Lorentz invariant.
Note that L here is generally not the instantaneous source-detector distance at the time
of neutrino detection, which is subject to length contraction, but is in fact the spatial
difference between the two spacetime events of neutrino production and detection.
The mixing matrix can be parameterised using the standard factorisation [22]:
U =


1 0 0
0 c23 s23
0 −s23 c23




c13 0 s13e
−iδ
0 1 0
−s13eiδ 0 c13




c12 s12 0
−s12 c12 0
0 0 1

 (1.15)
where sij ≡ sin θij , cij ≡ cos θij , θij are the three mixing angles and δ is the CP violating
phase. Overall phases in the mixing matrix do not affect neutrino oscillations, which only
8
1.2 Neutrino Mixing
Parameter Normal Ordering Inverted Ordering
sin2 θ12 0.307
+0.013
−0.012 0.307
+0.013
−0.012
sin2 θ23 0.538
+0.033
−0.069 0.554
+0.023
−0.033
sin2 θ13
[
10−2
]
2.206+0.075−0.075 2.227
+0.074
−0.074
∆m221
[
10−5 eV2
]
7.40+0.21−0.20 7.40
+0.21
−0.20
∆m23l
[
10−3 eV2
]
+2.494+0.033−0.031 −2.465+0.034−0.031
δ [◦] 234+43−31 278
+26
−29
Table 1.1: Three neutrino flavour oscillation parameters from a fit to global data [23]. ∆m23l
refers to ∆m231 for normal ordering and ∆m232 for inverted ordering. See Refer-
ence [24] for more up-to-date values.
depend on quartic products as can be seen in Equation 1.14, and so they have been omit-
ted2. Therefore, this gives a total of six independent free parameters describing neutrino
oscillations for three neutrino flavours in a vacuum. Table 1.1 outlines the current knowl-
edge of these parameters determined by a fit to global data [23]. This table shows two
columns of values, normal ordering and inverted ordering corresponding to the case where
the mass of v3 is greater than the mass of v1 or the mass of v1 is greater than the mass of
v3, respectively. The experimental determination of this mass ordering is ongoing.
1.2.1 Two neutrino mixing
Two neutrino mixing is the approximation in which only two neutrino states are considered,
and the third one is ignored. Here, the mixing matrix is given by the 2×2 rotational matrix
with a mixing angle θ:
U =

 cos θ sin θ
− sin θ cos θ

 (1.16)
Then, there exists a single mass splitting ∆m2 ≡ m22 − m21. From Equation 1.14, the
oscillation probability can be seen as being:
Pvα→vβ (L,E) =



1− sin2 2θ sin2
(
∆m2L
4E
)
for α = β
sin2 2θ sin2
(
∆m2L
4E
)
for α 6= β
(1.17)
2For a more detailed look into the properties of the mixing matrix see [21]
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Figure 1.3: Neutrino survival probability in the two neutrino scheme for sin2 2θ = 1 as a function
of L/E [km/GeV] ∆m2
[
eV2
]
.
Here the sinusoidal behaviour can be seen to have an amplitude driven by the mixing
angle and a frequency proportional to ∆m2. This approximation is extremely useful for
describing atmospheric neutrino oscillations as they are dominated by transitions between
the two neutrino flavours, vµ and vτ . The neutrino survival probability (α = β) can be
visualised in Figure 1.3. There are three regions in which the phenomenology can be
split into. First when sin2
(
∆m2L/4E
)
→ 0, the survival probability is 1 so no flavour
transition occurs. The region when sin2
(
∆m2L/4E
)
= 1, represents the first oscillation
maximum and corresponds to the first maximum conversion between neutrino flavours.
Here, neutrino oscillations are observable and so oscillation experiments are traditionally
designed to lie in this region. The baseline at which a complete period of the oscillation
cycle has been completed is referred to as the oscillation length,
Losc =
4πE
∆m2
(1.18)
Lastly, at ∆m2L/4E  1, one encounters fast oscillations which cannot be resolved by ex-
periments. Here the oscillation probability averages to Pvα→vβ (L,E) ∼ 12 sin2 2θ therefore
only information on sin2 2θ is observable.
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1.2.2 Matter interactions
So far, the description given of neutrinos only considers them propagating in a vac-
uum, however neutrinos travelling through a dense region will experience modifications
to the neutrino oscillation probability [25, 26]. When travelling through matter containing
electrons, the ve have contributions coming from elastic forward scattering interactions
v + e→ `+ ve which are not present for the vµ and vτ flavours (see Section 1.4.1). These
extra interactions can be expressed as a potential energy term for ve given by [25]:
Ve =
√
2GFne (1.19)
where GF is the Fermi coupling constant and ne is the electron number density in the
medium. The Hamiltonian is then modified as:
Hαm = H
α
0 +H
α
int (1.20)
where α denotes the flavour representation, Hαm is the effective Hamiltonian which takes
into account both the vacuum Hamiltonian, Hα0 , and the Hamiltonian which accounts for
neutrino-matter interactions, Hαint, which can be written as simply
3:
Hαint = diag
(√
2GFne, 0, 0
)
(1.21)
This has the effect of modifying the dispersion relations such that the modified ve mass
can be written as:
m2ee,m = m
2
ee + 2E
√
2GFne (1.22)
This can be transformed back into the vacuum mass eigenstate representation vi. In the
two neutrino flavour scheme:
H im = H
i +
1
2E
U † diag (A, 0)U (1.23)
=
1
2E

m
2
1 +A cos
2 θ A cos θ sin θ
A cos θ sin θ m22 +A cos
2 θ

 (1.24)
3Note that there is also a matter effect coming from neutral current interactions however this takes
place for all neutrino flavours and so does not affect the oscillation probability.
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where A ≡ 2
√
2GFEne. The effective Hamiltonian H im now has non-diagonal terms, which
means that the vacuum mass eigenstates are no longer eigenstates of H im. Equation 1.24
can subsequently be diagonalised in order to obtain the effective mass eigenvalues, m2i,m
(effective masses):
m21m,2m =
1
2
[(
m21 +m
2
2 +A
)
∓
√
(A−∆m2 cos 2θ)2 + (∆m2)2 sin2 2θ
]
(1.25)
Now the effective mixing matrix Um can connect the effective mass eigenstates with the
flavour eigenstates through a mixing angle θm. The oscillation probability can then be
written down in the same form as in Equation 1.17 with the modified parameters:
Pvα→vβ , m (L,E) =



1− sin2 2θm sin2
(
∆m2mL
4E
)
for α = β
sin2 2θm sin
2
(
∆m2mL
4E
)
for α 6= β
(1.26)
where
sin 2θm =
sin 2θ√(
A
∆m2
− cos 2θ
)2
+ sin2 2θ
(1.27)
∆m2m = ∆m
2
√(
A
∆m2
− cos 2θ
)2
+ sin2 2θ (1.28)
For the case when A → 0, which corresponds to the vacuum case, θm → θ and ∆m2m →
∆m2 as expected. The oscillation probability can be seen to undergo a resonance when the
condition A = ∆m2 cos 2θ is met, where the probability equals 1 for any vacuum mixing
angle. Another interesting case to note is when A ∆m2 , i.e. when the density of matter
becomes very large. Here the probability is very suppressed so flavour transitions no longer
occur and the neutrino becomes frozen in its flavour state. The mixing angle θm → 0,
diagonalising the effective mixing matrix meaning that the flavour and mass eigenstates
coincide. Similar behaviour can be observed from solar neutrinos which are produced in
the Sun’s core. The density in the Sun, however, decreases slowly going from the solar
core to the surface, meaning that the effective mixing matrix becomes a function of the
density, causing non-oscillatory flavour conversion known as adiabatic flavour conversion
or the MSW effect [27]. It was this phenomena that was accepted as the solution to the
solar neutrino problem discussed in Section 1.1.
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1.2.3 Wave packet treatment
So far, neutrinos have been described as plane waves, however this approach has incon-
sistencies, one example being the application of the light-ray approximation t = L, which
is unjustified as plane waves extend over all of spacetime with the same amplitude. Also,
neutrino production and detection are spatially localised in a region with finite energy
and momentum uncertainties, which the plane wave picture fails to describe. While the
results obtained are nonetheless robust, it can be instructive to describe neutrinos as wave
packets instead4. In this picture, a neutrino mass state is described as a superposition of
plane waves known as a wave packet, which in quantum mechanics describes real localised
particles with a momentum spread at production, σprodp , and detection, σdetp . The wave
packet can be approximated as a Gaussian and it can be shown that the effect of the source
and detector due to this spread is symmetric, allowing the wave packet to be described
by a combined effective spread, σp. Figure 1.4 shows an illustration of the dynamics at
play for a two-neutrino system with a mixing angle of θ = 45◦. The top figure shows the
neutrino oscillation probabilities as a function of the time after production. At a detector
distance of L0 = 0, the momentum spread at the production can be seen in the time axis.
From the Heisenberg uncertainty principle, σp ∼ σ−1t , the neutrino is not produced at a
single point in spacetime and a distribution can be seen, even though the detector has been
placed at the production point. As the detector distance is increased, L1 > L0, two effects
can be noted. There is a shift in the wave packets of the two mass eigenstates due to the
difference in group velocities between them. The lighter mass eigenstate v1 can be seen to
arrive at the detector before the heavier v2. The second effect is that oscillations between
the two neutrino flavours only occur when the mass eigenstates are overlapping. Indeed,
the effect of oscillations is caused by a coherent interference of different mass states. Lastly
at detector distances L2 > L1, the mass eigenstates have decoupled and oscillations can
no longer be observed. The distance above which coherence is lost is called the coherence
length and can be written as:
Lcoh = σx
2E2
∆m2
(1.29)
Note the dependence on σx, implying that coherence is also a function of the detector
resolution. Similar logic can also be applied in the spatial plane (bottom figure).
4A full derivation will not be demonstrated and can be found instead in [19].
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Figure 1.4: Neutrino oscillation probabilities when treating the neutrino as a wave packet. A neutrino of flavour vα is produced on the left. In colour,
the probability of detecting a neutrino with flavour vα (blue) and vβ (green). In black, the probability of the neutrino being of a particular
mass eigenstate v1 (dashed) and v2 (dashed-dotted). The top figure shows the probabilities as a function of time after production for three
fixed detector locations, L0 < L1 < L2. The bottom figure shows the probabilities as a function of the distance to the source for three fixed
detection times, t0 < t1 < t2.
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1.2.4 CPT transformations
The simultaneous transformation of charge, parity and time reversal (CPT) has so far
been observed to be an exact symmetry of nature. CPT theorem is based on causality
and Lorentz invariance (LI), therefore making CPT symmetry a fundamental probe in
our understanding of particle physics [28]. Figure 1.5 shows how these transformations
relate the different flavour transition channels in neutrino mixing. CP transformation
interchanges neutrinos with antineutrinos and reverses the helicity, giving the relation
vα
CP←−→ v̄α. A T transformation interchanges the incoming and outgoing states, from the
vα → vβ channel to vβ → vα and finally CPT interchanges vα → vβ to v̄β → v̄α.
Quantum Field Theory (QFT) and general relativity (GR) are the two theoretical and
mathematical foundations of modern physics, however physicists have so far been unable
to reconcile the two paradigms to produce a coherent theory of quantum gravity (QG),
able to describe physics at the Planck scale (∼ 1019 GeV), where effects quantum effects
from gravity are expected to dominate. As will be discussed more in Chapter 3, many
approaches to QG imply the breaking of LI and CPT symmetries, and so tests of these
symmetries provide a powerful probe into theories of QG.
T
CP
CP
T
CPT
CPT
vα → vβ
v̄α → v̄β
v̄β → v̄α
vβ → vα
Figure 1.5: Scheme of CPT, CP and T transformations that relate different flavour transition
channels [21].
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1.3 Neutrino Production
1.3.1 Atmospheric neutrinos
The study of atmospheric neutrinos was and still is one of the most important fields in
neutrino physics. These are produced when cosmic rays interact in the Earth’s upper
atmosphere. Cosmic rays are composed of ionised nuclei, about 90% protons, 9% alpha
particles and the rest heavier nuclei [29]. They are mostly relativistic, having energies
similar to or greater than their masses. The field of cosmic ray physics is an area of very
active research and in particular the fundamental question of the origins and acceleration
mechanisms of the very highest energy cosmic rays - extending to 1020 eV - still remains
unanswered.
An air shower is induced when cosmic rays interact in the atmosphere, having electromag-
netic, muonic and hadronic components. The hadronic showers are rich in light mesons,
whose cascades can be linked to the production of atmospheric neutrinos. The most im-
portant channels are through the following pion and kaon decays, given here with their
branching ratio:
π± → µ± + vµ (v̄µ) (∼ 100%) (1.30)
K± → µ± + vµ (v̄µ) (∼ 63.5%) (1.31)
The decay of the muon here must also be considered:
µ± → e± + ve (v̄e) + v̄µ (vµ) (1.32)
The flux of neutrinos produced through this mechanism makes up the conventional atmo-
spheric neutrino component and an illustration of this can be seen in Figure 1.6. If all
particles decay, we can expect (ve + v̄e) / (vµ + v̄µ) ∼ 12 . In fact, it was the observation by
Kamiokande [30] that the ve/vµ ratio averages to ∼1 for upgoing neutrinos that eventually
led to the discovery of neutrino oscillations (see Section 1.2 for more). For muon energies
above ∼2.5 GeV, the Lorentz boost is high enough that the muon decay length surpasses
the typical production height (∼15 km), and so the ve/vµ ratio quickly decreases whereby
the only source of ve comes from contributions from K0L → π e ve and K± → π0 e ve. This
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Figure 1.6: Simplified schematic of an air shower generated by a cosmic ray. The decay of light
mesons in the shower produces a flux of neutrinos, more specifically the conventional
atmospheric neutrino flux. Adapted from [31].
is called the critical energy and is the energy at which the decay and interaction lengths
of a particle in an air shower are equal. This is an important feature of the conventional
component, resulting in a softer (steeper) energy spectrum (∼E−3.7) than that of the cos-
mic rays (∼E−2.7). The effective critical energy is also a function of zenith due to the
varying propagation lengths. The shorter lifetime of the kaons means their critical energy
is less dependent on the zenith than for the muons. However, both components see an
enhancement of the neutrino flux at the horizon compared to the vertical, where the effec-
tive critical energy is maximal as the particles are more likely to have enough distance to
decay.
The conventional flux dominates up to ∼18 TeV. At even greater energies, the flux of
atmospheric neutrinos is dominated by the decays of charmed particles. These particles
are substantially heavier and have livetimes so short that they almost always decay before
interacting, i.e. they decay promptly and thus the name of this component of the atmo-
spheric neutrino flux is called the prompt flux. The prompt flux is not as well understood
as the conventional flux, as they have not yet been observed experimentally. However, it is
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Figure 1.7: Atmospheric neutrino fluxes for vµ + v̄µ (blue) and ve + v̄e (red), calculated using
the mceq package [32]. Dashed line shows the conventional components, dotted
line shows the prompt components and solid line shows the total. Note the prompt
neutrino flux has not yet been experimentally observed.
expected to produce a quantitatively different flux than the conventional flux in two ways.
First, the energy spectrum will be similar to the spectrum of the primary cosmic rays as
the charmed particles have much higher critical energies (∼ 4× 107 GeV for the D± [29],
which would produce the next largest flux). The harder (flatter) spectrum compared to
the conventional component is why, despite the much lower rate of production, they are
expected to eventually dominate the neutrino flux. Second the angular distribution is
isotropic, again because of the high critical energies. The decay of the charmed particles
to electrons (with ve) is not suppressed as it is for the light mesons, so the prompt ve flux
is expected to be very similar to the prompt flux of vµ.
Figure 1.7 shows the conventional and prompt atmospheric neutrino flux as a function
of the neutrino energy. The modelling of the atmospheric neutrino flux requires three
main ingredients; the primary cosmic ray spectrum, the hadronic interaction model and
the atmospheric density profile over which the shower develops. The primary cosmic ray
spectrum is approximately proportional to an E−γ power law with γ ∼ 2.7 up to proton
energies of ∼106 GeV. Above this, the spectrum exhibits discrete features discussed above
(called the knee) causing the spectrum to soften. Here, we use the Honda-Gaisser model
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with the Gaisser-Hillas H3a correction [33]. The next ingredient is the hadronic interac-
tion model, which simulates the secondary hadron production from the primary cosmic
ray. These models are based on data from fixed target and collider experiments with ex-
trapolations for the highest energy cosmic rays which are beyond the reach of man-made
accelerators. Here we use the sibyll 2.3c hadronic interaction model [34, 35]. Lastly,
the atmospheric density profile is built by using atmospheric data from satellites to create
detailed numerical models. The seasonal variation of the atmospheric density also leads to
seasonal variations of the atmospheric neutrino flux. Here we use the nrlmsise-00 model
taken at the South Pole, averaging the seasonal effects over the month of January [36]. Un-
der these assumptions, the atmospheric neutrino flux is computed by numerically solving
the coupled cascade equation describing the evolution of the flux of particles in a cosmic
ray shower. Here, the package mceq [32] is used to solve these to obtain the atmospheric
neutrino flux shown.
1.3.2 Astrophysical neutrinos
The origin and acceleration mechanism of ultra-high-energy cosmic rays is still unknown.
The difficulty comes from the fact that the cosmic rays are bent by interstellar magnetic
fields, and so their arrival direction on Earth does not point back to their sources. The
observation of these ultra-high-energy cosmic rays supports the existence of neutrino pro-
duction at the sources of a similar energy range - an astrophysical neutrino flux. Neutrinos
are electrically neutral, so are not perturbed by interstellar magnetic fields, and they also
have a small enough interaction cross-section to escape from dense regions. This makes
them ideal messengers to help identify the sources of cosmic rays, see Figure 1.8.
Ultra-high-energy cosmic rays detected on Earth manifestly succeed in escaping their
sources, therefore these sources must be optically thin compared to the Earth’s atmo-
sphere. Thus, the following interactions of the accelerated protons are expected to be
more important than lengthy shower processes. High-energy protons can interact with
photons as such:
p+ γ → ∆+ →



p+ π0
n+ π+
(1.33)
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Figure 1.8: Neutrinos as messengers of astrophysical objects. Exotic astrophysical objects pro-
duce high-energy cosmic rays, photons and neutrinos, which can be detected on
Earth. Credit: IceCube, NSF.
They can also interact with other hadrons:
p+ p→



p+ p+ π0
p+ n+ π+
(1.34)
p+ n→



p+ n+ π0
p+ p+ π−
(1.35)
Importantly, final states here tend to produce pions which decay into either photons if
neutral, π0 → γγ, or if they are charged they decay into charged leptons and neutrinos
(see Equation 1.30) - a process very similar to the production of conventional atmospheric
neutrinos. The neutral and charged pions are produced in similar amounts, meaning that
the neutrino and photon fluxes are related. Indeed the diffuse astrophysical neutrino flux
can be estimated through γ-ray astronomy [37]. It can also be measured directly as an
excess of high-energy neutrinos from the whole sky above the softer background of atmo-
spheric neutrinos. Figure 1.9 illustrates this by showing the differences in the atmospheric
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Figure 1.9: Estimated rate of vµ events (blue) and ve events (red) for a kilometre-scale detector.
Solid line is for the atmospheric neutrino component and dashed for the astrophysical
component. Recreated from [29].
and astrophysical neutrino spectrum. Here the rate of atmospheric and astrophysical neu-
trino events is plotted against the neutrino energy for a kilometre-scale detector [29]. For
astrophysical neutrinos, a generic E−2 spectrum is taken, normalised to IceCube data and
for atmospheric neutrinos a spectral index of E−3.7 is taken. IceCube was able to measure
this excess in high-energy neutrinos and so provide the first evidence of the existence of a
diffuse flux of astrophysical neutrinos [38, 39].
Point source searches of neutrinos are also being pursued. In 2017, a multi-messenger
approach which searched for γ-ray observations in coincidence with neutrinos coming from
a particular source has successfully been able to identify for the very first time, a source
of high-energy astrophysical neutrinos [40, 41].
Of particular interest is the composition of flavours produced at the source. In the simple
pion decay model described above, the neutrino flavour composition (sometimes referred
to as the neutrino flavour ratio) produced at the source is:
π decay (fe : fµ : fτ )S = (1 : 2 : 0)S (1.36)
For all discussions on the astrophysical neutrino flavour composition, the neutrino and
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antineutrino fluxes will been summed over as it is not yet experimentally possible to dis-
tinguish between the two. In the case that the muon interacts in the source before it
has a chance to decay, e.g. losing energy rapidly in strong magnetic fields or being ab-
sorbed in matter, only the vµ from the initial pion decay escapes and so the source flavour
composition is simply:
µ suppressed (fe : fµ : fτ )S = (0 : 1 : 0)S (1.37)
Another popular model is one in which the produced flux is dominated by neutron decay,
n→ p+ e− + v̄e, which gives rise to a purely ve component:
n decay (fe : fµ : fτ )S = (1 : 0 : 0)S (1.38)
Production of vτ at the source is not expected in standard astrophysics models. How-
ever, even in the standard construction, the composition could vary between any of the
three idealised models above, which can be represented as a source flavour composition of
(x : 1− x : 0), where x is the fraction of ve and can vary between 0→ 1.
Once the neutrinos escape the source, they are free to propagate in the vacuum. As
discussed in detail in Section 1.2, neutrinos can transform from one flavour to another.
Astrophysical neutrinos have O(Mpc) or higher baselines, large enough that the mass
eigenstates completely decouple. This can be seen by considering Lcoh, the coherence
length, as shown in Equation 1.29. Using the values E ∼ 106 GeV, ∆m2 ∼ 10−23 GeV2
and σx ∼ 10−13 m [27], one finds Lcoh ∼ 0.6 Mpc. The mass state wave packets are also
seen to spread as they propagate, as discussed in Section 1.2.3. The ratio of the spread
σspread and separation ∆xshift is given by [27]:
σspread
∆xshift
= 2
(
m2
∆m2
)(σE
E
)
(1.39)
where σE ∼ 1/σx ∼ O (MeV) is the initial size of the wave packet in energy-momentum
space and we can take m2/∆m2 ∼ 1. Note that this ratio does not depend on the baseline.
Since the energies here are large, σE/E  1 meaning that σspread/∆xshift  1, and the
separation is much larger than the spread. Indeed, the astrophysical neutrinos detected on
Earth are decoherent and are propagating in pure mass eigenstates. Taking this assumption
greatly simplifies the transition probability as all the interference terms between the three
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mass eigenstates can be dropped, and all that is left is to convert from the propagating
mass state to the flavour states (see Equation 1.1):
φi,⊕ =
∑
α
φα,S|Uαi|2 (1.40)
φα,⊕ =
∑
i,β
|Uαi|2|Uβi|2φβ,S (1.41)
where φα is the flux for a neutrino flavour vα and φi is the flux for a neutrino mass state vi.
The subscript “S” denotes the source and “⊕” denotes as measured on Earth. The same
result can be obtained in the plane wave picture of the neutrino using Equation 1.14 by
taking the limit L→∞, thus this type of decoherent mixing is also known as oscillation-
averaged neutrino mixing (as is even more evident in Figure 1.3). From this, the flavour
composition on Earth is defined as fα,⊕ = φα,⊕/
∑
α φα,⊕ and this can be calculated using
the mixing matrix parameters in Table 1.1. For the three source models discussed above:
(1 : 2 : 0)S → (0.31 : 0.35 : 0.34)⊕ (1.42)
(0 : 1 : 0)S → (0.18 : 0.44 : 0.38)⊕ (1.43)
(1 : 0 : 0)S → (0.55 : 0.18 : 0.27)⊕ (1.44)
This can be visualised in a ternary plot [42], with axes being the fraction of each neu-
trino flavour as shown in Figure 1.10. The coloured circle, square and triangle show the
source flavour compositions. The arrows show the effect of neutrino mixing on the flavour
composition. The unfilled circle, square and triangle show the corresponding measured
flavour composition. Neutrino mixing during propagation has the effect of averaging out
the flavour contributions, which is why the arrows point towards the centre of the triangle.
This effect is more pronounced for vµ ↔ vτ due to the their larger mixings, see Table 1.1.
Also shown on this figure in the hatched “Standard Model” area, is the region of measured
flavour compositions containing all source models of (x : 1− x : 0), using Gaussian priors
on the standard mixing angles as outlined in Table 1.1. Therefore, this hatched area is the
region in which all standard astrophysical models live.
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Figure 1.10: Astrophysical neutrino flavour composition ternary plot. Axes show the fraction
of each neutrino flavour. Coloured shapes show 3 models for the source flavour
composition. The arrows indicate the effect of neutrino mixing during propagation
and the unfilled shapes show the corresponding measured flavour compositions.
The hatched area shows the region in measured flavour space in which all standard
astrophysical models live.
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1.4 Neutrino Detection
1.4.1 Neutrino interactions with matter
As electrically neutral fermions, neutrinos only interaction mode is via the weak force. As a
consequence, neutrinos have very small cross-sections compared to particles which interact
through the strong nuclear force or electromagnetic force. One of the simplest neutrino
interactions is the case of a two-body elastic scattering (ES) between a neutrino and an
electron. This interaction can mediated by either a Z0 boson in neutral-current (NC) inter-
actions or aW± boson in charged-current (CC) interactions as shown in Figure 1.11. Both
NC and CC can occur for all neutrino flavours. However in the case of CC ES, there must
be sufficient energy to produce the final charged lepton. As mentioned in Section 1.2.2,
ES interactions play an important role in neutrino mixing when they propagate through
electron dense matter, owing to the fact that CC ES exclusively produces ve.
Z0
e−
v
e−
v
W±
e−
v
ve
`−
Figure 1.11: Feynman diagrams for neutrino-electron scattering. Neutral-current interaction
channel shown on the left, and charged-current interaction shown on the right.
From a theoretical standpoint, ES is ideal for analysis as they are the most well understood.
However in practice, neutrino interactions with nucleons are preferred. Firstly, neutrino-
nucleon collisions are much easier to instrument and secondly, they provide much higher
cross-sections compared to collisions with elementary particles. Neutrino-nucleon interac-
tions typically fall within three main categories; quasi-elastic (QE) scattering, resonance
production and deep elastic scattering (DIS) processes, as can be seen in Figure 1.12. QE
interactions are dominant at the lowest energies of ∼ 1–10 GeV. These interactions are ones
in which the nucleon remains intact. The NC process is simply when the neutrino scatters
of the target nucleon v + N → v + N , and in the CCQE process the nucleon is modified
and a lepton is produced, for example in the process vµ + n→ µ− + p, the target neutron
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Figure 1.12: Muon neutrino cross-section on a water target, shown as a function of the neutrino
energy. Also shown are the contributions from quasi-elastic scattering (dashed,
red), resonance production (dash-dotted, blue) and deep inelastic scattering (dot-
ted, green). Cross-sections were generated using genie [43].
is converted to a proton. At higher energies, the contribution from inelastic processes
increases and so we start to see fragmentation of the nucleon. In the transition region
between QE and DIS processes at ∼ 0.5–10 GeV, there is a resonance region in which the
neutrino excites a nucleon into an excited state, for example vµ + p → µ− + ∆++. These
then decay quickly back into a stable nucleon, most often accompanied with a single pion,
∆++ → p + π+. At neutrino energies greater than 10 GeV, the neutrino is able to re-
solve the internal structure of the nucleon. Nucleons are bound states consisting of valence
quarks, which determine the overall properties of the nucleon, and a sea of quarks and glu-
ons. Collectively these are known as partons and the process by which a neutrino interacts
with these is known as deep inelastic scattering (DIS) and is shown in Figure 1.13. The
stuck parton recoils and a process called hadronization occurs, in which the struck parton
produces hadrons as it cannot exist singularly due to colour confinement. The particles
created by the hadronization process can hadronize themselves until they reach a stable
state. This creates a tight cone of hadrons, referred to as a jet or a hadronic cascade. Also
shown in Figure 1.13 are definitions of the Lorentz invariant quantities used to describe
neutrino-nucleon scattering kinematics. Here, k = (E,~k) and k′ = (E′, ~k′) are the four
vectors for the incoming neutrino and outgoing lepton, P is the target nucleon four vector
with mass M , q is the four momentum transfer and W is the mass of the final hadronic
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Figure 1.13: Feynman diagram for deep inelastic scattering on a target nucleon (left) shown
with the kinematical quantities defining this interaction (right).
system. s and t are Mandelstam variables. In the lab frame where the nucleus is at rest,
the two Lorentz scalars Bjorken-x and y can be expressed as x lab= Q2/2Mv and y lab= v/E
where v lab= E − E′. These quantities are particularly useful as they can be measured
experimentally by looking only at the scattered lepton and the total hadronic state, with-
out needing to know the details of each partonic process. This can then compared to the
neutrino nucleon differential cross-section written in terms of Bjorken-x and y [44], given
here for a vµ CC interaction on an isoscalar target, which is a target normalised such that
it is composed of an equal amount of up and down quarks, so that the cross-section is an
average such as σvN ≈ (σv p + σvn) /2:
d2σ
dx dy
∣∣∣∣
vµN→µX
=
2G2F M Ev
π
(
M2W
Q2 +M2W
)2 [
xq
(
x,Q2
)
+ xq̄
(
x,Q2
)
(1− y)2
]
(1.45)
where GF is the Fermi constant,MW is theW mass and q and q̄ are the parton distribution
functions (PDFs) for quarks and antiquarks. These PDFs describe the relative contribu-
tions of any sea or valence parton species as a function of the Bjorken-x and Q2. While
this equation does provide a tidy picture of DIS, additional effects must be included in any
realistic description. The total interaction cross-section can be obtained by integration of
the result shown in Figure 1.12. Here, the calculation uses the GRV98 leading order (LO)
PDF with modifications to describe scattering at low Q2, most appropriate for neutrino
experiments in the few GeV region [45]. At the higher energies, more contemporary PDFs
are used to calculate the cross-section, as is the one shown Figure 1.14, which is a calcula-
tion by CSMS using HERAPDF1.5 at next to leading order (NLO) [46]. The energies are
large enough such that the massless lepton limit can be used, and so the cross-section given
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Figure 1.14: High-energy neutrino (solid) and antineutrino (dashed) cross-sections on an
isoscalar target for charged-current and neutral-current scattering, calculated by
CSMS [46].
here is the same for all neutrino flavours, i.e. lepton flavour universality. As expected the
neutrino cross-section increases as a function of the neutrino energy, which partially makes
up for the falling flux at high energies (Figure 1.9). On the other hand, at sufficiently high
energies ∼ 106 GeV, the Earth becomes opaque to neutrinos, making experiments blind to
high-energy neutrinos in the direction of Earth’s core.
1.4.2 Propagation of leptons
Understanding the behaviour of charged leptons is key in the study of neutrinos. While
detection through neutral-current channels is possible, by far the observable that almost all
neutrino experiments look for is the energy deposition from the charged lepton produced
in CC interactions. By understanding the energy deposition of the charged lepton well
enough, estimations of the properties of the mother neutrino can be made, such its energy
or the direction it came from. For IceCube, the energies and medium of the charged leptons
of concern are energies above a few GeV in a medium of ice (water). Energy loss can occur
in a variety of different ways here, depending on the lepton flavour and energy. However,
the most important mechanism for detection is the emission of Cherenkov radiation. This
occurs for any charged particle whose energy is high enough such that its speed is greater
than the speed of light in that medium. This threshold is given by v > c/n, where n is the
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Figure 1.15: Cherenkov radiation produced by a particle travelling faster than the speed of light
in the same medium.
index of refraction. In such a case, an electromagnetic shock wave is created as shown in
Figure 1.15, with the coherent wave front emitted at an angle:
cos θc =
1
nβ
(1.46)
where β = v/c. For ice n ∼ 1.33, giving a Cherenkov angle of θc ∼ 41◦ for relativistic
particles. The spectrum of radiation emitted is given by the Frank-Tamm formula [47]:
d2N
dxdλ
=
2παz2
λ2
(
1− 1
β2n2 (λ)
)
(1.47)
Here x is the distance travelled, λ is the wavelength of the produced Cherenkov photon, α
is the fine structure constant and z is the charge of the particle. The dependence on 1/λ2
means that high frequency photons dominate. In fact, the energy loss from Cherenkov
radiation is minimal but due to its characteristic emission angle and spectrum, it is the
principal observable in optical detectors such as IceCube (see Section 2.1).
In general, the average energy loss per unit path length, or stopping power, of a charged
particle through matter can be described by summing up contributions from four different
sources:
dE
dx
=
(
dE
dx
)
i
+
(
dE
dx
)
p
+
(
dE
dx
)
b
+
(
dE
dx
)
n
(1.48)
where i denotes ionization, b bremsstrahlung, p pair production and n photonuclear inter-
actions. Ionization describes the electronic collision loss and as will be seen it is typically
important at lower energies. Pair production describes the creation of a particle antiparti-
cle pair at high energies, such as e+e−. Bremsstrahlung describes the radiation produced
when a charged particle decelerates or is deflected by another charged particle. Lastly,
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Figure 1.16: Stopping power (dE/dx) for a muon in ice as a function of the muon momentum
(solid, black). Its contributions are also shown from ionization (dashed, blue), pair
production (dotted, red), bremsstrahlung (dash-dotted, green) and photonuclear
(dash-dash-dotted, pink). Data taken from PDG [48].
photonuclear interactions describe coherent interactions with nuclei. The dE/dx is given
separately for two different classes of charged particles; electrons and positrons, and heavier
particles such as muons, pions, protons and other light nuclei.
Figure 1.16 shows the dE/dx for a muon in ice as a function of the muon’s momentum.
Also shown are the individual contributions from the four sources mentioned above. At
muon momenta up to ∼ 1 TeV, the ionization energy loss is seen to dominate and the
muon is described to be in the minimum ionization region. This is described by the Bethe
formula (see [49]) and the most striking feature here is that, for all practical purposes, the
average dE/dx in any given material is a function of β alone. For the energies of interest
here the muons are well into the relativistic regime so by fixing β ≈ 1, the ionization
losses are effectively independent of the energy of the muon. Therefore, particles in the
minimum ionization region or minimum ionizing particles (MIPs) have a fixed amount of
energy loss in any particular medium. Reading from the figure, it can be seen that for
ice/water with density ρ ∼ 1 g cm−3, the average energy loss of a muon is ∼ 2 MeV/cm.
Above muon momenta of ∼ 1 TeV, the contributions from pair production, bremsstrahlung
and photonuclear dominate. Collectively these are known as radiative losses and they grow
in direct proportion with the energy of the muon (see [48] for details).
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High-energy electrons predominantly lose energy in matter by bremsstrahlung due to their
small mass (emission probability is inversely proportional to the squared mass). As in
the case of muons, the dE/dx is proportional to the energy of the electron. The photons
created, in turn, can pair produce back into e+e− so their dynamics also need to be
considered. At high enough energies, an electromagnetic (EM) cascade is initiated as pair
production and bremsstrahlung generate more electrons and photons. The characteristic
quantity to describe this behaviour is the radiation length which is the mean distance
over which the electron losses 1/e of its energy due to radiation loss. For ice/water the
radiation length is 38 g cm−2. Compared to muons or other light nuclei of similar energies,
the electron energy deposition is more rapid and localised, with larger fluctuations.
1.4.3 Propagation of hadrons
While the study of the charged lepton in CC neutrino interactions is preferred, the presence
of a hadronic emission is characteristic in every type of neutrino-nucleon interaction. As
discussed in Section 1.4.1, DIS interactions cause a break up of the nucleon, leading to
hadronization in the recoiling hadronic system, called a hadronic cascade. In a similar
way to EM cascades, the characteristic quantity used to describe the energy losses is the
nuclear interaction length, which for ice/water is 83.3 g cm−2. Compared to EM cascades,
the overall deposition is even more localised and subject to stochastic variations. In fact,
the production of neutral pions in the hadronic cascade can directly feed into an EM
component, meaning that hadronic cascades are often supplemented by EM cascades.
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2 The IceCube Neutrino Observatory
The study of astrophysical neutrinos is a relatively new yet quickly growing field in high-
energy particle physics. The challenges here are the steeply falling flux at higher energy (see
Figure 1.9), along with the weakly interacting nature of the neutrino, which has pushed the
need for larger and larger detectors. The IceCube neutrino observatory is a cubic kilometre
photomultiplier array embedded in the extremely thick and clear glacial ice located near
the geographic South Pole in Antarctica [50]. A schematic layout of IceCube is shown in
Figure 2.1. The IceCube In-Ice array is made up of 5160 purpose built Digital Optical
Modules (DOMs) which are deployed on 86 strings (or cables) between 1450 and 2450 m
below the ground. The inner string separation is 125 m with a vertical DOM separation
of 17 m. Eight of the centrally located strings make up the subarray DeepCore [51] which
are sensitive to lower energy neutrinos. It achieves this through denser instrumentation,
having an inner string separation of 60 m and a vertical DOM separation of 7 m. A surface
air shower array, IceTop, is instrumented on the surface and consists of a set of frozen
water tanks which act as a veto against the background cosmic rays.
50 m
1450 m
2450 m 
2820 m
IceCube Array
 86 strings including 8 DeepCore strings 
5160 optical sensors
DeepCore 
8 strings-spacing optimized for lower energies
480 optical sensors
Eiffel Tower
324 m 
IceCube Lab
IceTop
81 Stations
324 optical sensors
Bedrock
Figure 2.1: The IceCube neutrino observatory with the In-Ice array, its subarray DeepCore and
the cosmic ray shower array IceTop.
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2.1 Digital Optical Module
The sole photon detection and digitisation unit in IceCube is the DOM [52]. A diagram of
the DOM with the main components labelled is shown in Figure 2.2. Each In-Ice module
contains a Hamamatsu R7081-02 10′′ downward facing photomultiplier tube (PMT), which
has a spectral response between 300 nm to 650 nm with a peak quantum efficiency around
25% near 390 nm. The DeepCore array DOMs contain the Hamamatsu R7081-MOD PMT,
which has a higher quantum efficiency but it is otherwise identical to the In-Ice DOM. Each
features a box-and-line dynode chain with 10 stages operated at a gain of 107. The DOM
houses a high voltage generator, various circuit boards for digitisation and calibration all
inside a 35 cm diameter pressurised borosilicate glass sphere. Analog and digital signal
processing and calibration electronics are integrated onto the mainboard along with an
LED flasher board. A total of 12 LEDs are pointed in different directions and are used for
calibration. The PMT and surrounding electronics are secured in a high-strength silicon
gel that optically couples components to the glass sphere. This particular glass material is
chosen as it has a wide transparency window down to 350 nm and very little radioactive
trace elements in order to minimise dark noise. The underside is surrounded by a mu-metal
cage to shield from geomagnetic effects at the South Pole. Once digitised, the signal is
transmitted to the DOMHub, located in the surface IceCube Lab, which is responsible for
controlling and processing of all DOMs on a single string.
PMT Base
Board
High Voltage
Control Board
PMT
Collar
Flasher
Board
Main
Board
Delay
Board
Mu-Metal
GridPMT
Figure 2.2: The Digital Optical Module, the photon detection unit at IceCube [50].
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2.1.1 Data Acquisition
Each DOM instruments two methods of digitisation; a rapid continuously running, low
frequency digitiser called the fast analogue to digital converter (fADC) and the more precise
analog transient waveform digitiser (ATWD). An example of these is shown in Figure 2.3.
They are both 10-bit digitisers. The fADC operates at 40 MHz (one sample per 25 ns)
and when requested, the onboard field programmable gate array (FPGA) is programmed
to save at intervals of 6.4 µs. The ATWD is triggered by a discriminator set to a voltage
threshold of 0.25 photo-electrons (PE). It is provided with waveforms of three different
amplifier gains of 16, 2 and 0.25 to cover up to a dynamic range of 400 PE/ns and operates
at 300 MHz (one sample per 3.3 ns) for a sampling window of 427 ns. Each DOM is
equipped with 2 ATWDs to reduce dead time during digitisation.
Once the waveform has been digitised, the two most important pieces of information that
are extracted are the number of photons hitting the PMT and their arrival times, which
subsequently are fed into reconstruction algorithms. The PMT response is compared to
a single photo-electron (SPE) template, which has been measured on a sample of DOMs
before they were deployed. Figures 2.4–2.6 show such lab measurements. A dim 375 nm
UV LED was used to generate pulses of light, dim enough to initiate only SPE signals
and Figure 2.4 shows an average of 10,000 of these waveforms. SPE pulses can be seen
Figure 2.3: The same signal sampled in the ATWD (top) and the fADC (bottom): the ATWD
recording duration is 427 ns whereas the fADC recording duration is 6.4 µs [52].
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Figure 2.4: Average of 10,000 SPE waveforms for a PMT at a gain of 107 [52].
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Figure 2.5: Typical SPE charge distribution at a gain of 5× 107 including pedestal peak [52].
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Figure 2.6: Distribution (histogram) of the timing of SPE hits at a gain of 107 in reference to
an illumination by a narrow pulse from a diode laser. A small fraction of late pulses
are due to laser afterglow plus the random background rate (dashed). [52].
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to be around 8 mV for a gain of 107, which is well above the digitiser precision and other
electronic noise (∼ 0.1 mV). Figure 2.5 shows the SPE charge distribution, which exhibits
a clear SPE peak to the right of the pedestal. This data gives us a charge probability
distribution, characterising the variability in the SPE waveform. Therefore the response
of each photon can be approximated using the average SPE waveform, scaled randomly
according to this charge probability distribution. By fitting to these templates, the number
of photons hitting the PMT can be estimated from more realistic waveforms such as the
ones shown in Figure 2.3, which contain overlapping contributions from multiple PE hits.
The timing resolution of an SPE, relative to the photon arrival time is shown in Figure 2.6.
The arrival time distribution has a peak at ∼ 2 ns after the laser turns on, which is then
followed by secondary pulses. The estimated contribution due to laser afterglow effects
and random background noise is shown as the dashed line. Excess above the dashed line
is due to late pulses, which is due to backscattering of photo-electrons off the first dynode
(see Section 5.3.3 for more). Dispersion in the timing resolution of the PMT of the scale
of 2 ns is not a limiting factor compared to the time delay due to scattering in ice at the
length scales of concern at IceCube. Photon scattering over a comparatively very short
distance of 10 m, causes 40% of the photons to be delayed by more than 5 ns, which is
already larger than the corresponding timing delay effects from the PMT [52].
The optical efficiency of the DOM is not constant across its surface, nor is it the same
for every DOM. This includes effects from the photocathode quantum efficiency, collection
efficiency, dynode multiplication and DOM glass and gel absorption. The position depen-
dence was systematically measured for 16 fully integrated DOMs and an example is shown
in Figure 2.7.
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Figure 2.7: Position dependence of the response of a DOM [50]. The x–y coordinates measure
distance from the centre of the DOM.
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2.2 Event Signatures
Cherenkov telescope arrays such as IceCube are able to classify the properties of a neutrino
event by looking at the morphology of photon hits across its PMT array. There are two
main types of neutrino event signatures at IceCube - tracks and cascades.
2.2.1 Tracks
Tracks are predominantly made by muons which are directly produced by neutrinos in the
CC vµ interaction channel. Muons have a long lifetime, ∼ 2 µs at rest, and in ice they
have relatively low energy losses (see Section 1.4.2). Therefore, as shown in Figure 2.8a, a
high-energy muon travelling through the IceCube array will leave a long trail of hits. These
features, along with the timing information of hits across the DOMs, help in determining
the directionality of the muon, giving an angular resolution typically around 0.5–1◦ [53].
At energies of concern here, there is little deviation between the direction of the neutrino
and the induced muon as they are both heavily boosted. Therefore, this pointing ability
of tracks makes them the most attractive events to use for point source searches. Energy
reconstruction is more complicated, however. At the lower energies (. 100 GeV), the
muon’s range is short enough that it is able to deposit all its energy inside the detector.
This is the ideal situation for a good energy reconstruction as the IceCube array acts as a
calorimeter, so the total deposited charge is proportional to the energy of the muon. At
higher energies, the range of the muon is typically greater than the length of the detector.
Therefore the energy of muon must be extrapolated from the portion of energy deposited
inside the detector. This is particularly challenging for muons which are not produced
inside the detector, for which only a lower bound can be made. The typical approach
taken to reconstruct the muon is to segment the reconstruction along the track. In this
way, biases from stochastic variations of the energy loss can be minimised by applying some
averaging over each segment. In each segment, the mean dE/dx is determined, which is
then roughly proportional to the muon momentum (see Figure 1.16). The energy resolution
improves with the muon energy up to an uncertainty of a factor of 2 [54]. For more details
on this see the IceCube energy reconstruction methods publication [55].
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2.2.2 Cascades
Cascades are created as a result of hadronic cascades and/or EM cascades (see Sec-
tions 1.4.2–1.4.3). NC interactions and CC ve interactions are the channels in which a
pure cascade is created, and an example of one is shown in Figure 2.8b. However, this
does not mean that neutrino events produce exclusively one type of signature, in fact all
high-energy neutrino-nucleon events produce at least a hadronic cascade at the interaction
vertex. Characteristic of a cascade is the isotropic deposition of energy in a localised region
near the neutrino vertex. Contrary to tracks, cascade events have much shorter typical
lengths and so the entire energy deposition is easily contained within the detector array.
This is ideal for energy reconstruction giving a deposited energy resolution of ∼ 15% at
neutrino energies above 10 TeV [55]. Inferring the true neutrino energy is more difficult,
however, as IceCube is not capable of resolving the difference between EM showers and
hadronic showers, which potentially have a large amount of missing energy, leading to
∼ 15% lower light yield compared to an equivalent EM shower. Deposited energy is recon-
structed using an EM shower hypothesis, and therefore this quantity gives the lower limit
of the neutrino energy. Directional reconstruction is more challenging than for tracks and is
done by looking for timing/light intensity anisotropies around the interaction vertex. The
deviations are small, but it is expected that the light deposition in the forward direction
is greater. Typical angular resolutions are 10–15◦ [56].
2.2.3 Taus
Not mentioned so far are the CC vτ interactions, which for energies & 1 PeV, can produce
τ which travels a detectable distance before decaying. This provides a unique signature for
such events. The initial vτ interaction produces a hadronic cascade, followed by a track by
the τ itself, in turn followed by either a track from the τ ’s muonic decay (τ− → µ−v̄µvτ with
branching ratio ∼ 17%), or a cascade from its other decays. Because of their distinctive
signatures, such events are called double bangs or double cascades. See Section 4.2.1 or
References [57, 58] for more.
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(a) A track event initiated by a CC muon neutrino interaction in the detector. The muon deposits 74 TeV before
escaping.
(b) A cascade event initiated by a neutrino interaction in the detector. The cascade deposits 1070 TeV in the detector.
Figure 2.8: Examples of neutrino event signatures in IceCube from [56]. Main panel shows the event view with spheres
representing hit DOMs whose volume is proportional to the collected charge. Timing of hits is represented by
the colour, with red being earlier hits and blue being later hits. Smaller panels on the right show projections
of the detector along the z, x and y axes, respectively.
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2.3 The IceCube-Upgrade
Desgin and development of the next generation of IceCube is well under way [59–61]. The
first of these incremental upgrades is the IceCube-Upgrade (ICU), which is planned for de-
ployment in the season of 2022/23. The ICU will improve on the existing DeepCore array
through the addition of seven additional strings of photosensors with novel, denser instru-
mentation as shown in Figure 2.9. The DOM design will be updated, taking advantage
of contemporary ADCs (see Section 5.2.3). New photosensors have also been developed
each providing better photocathode coverage per module, such as the DEgg (Dual optical
sensors in an Ellipsoid Glass for Gen2) which uses two back-to-back 8 inch PMTs [62], or
the mDOMs (Multi-PMT Digital Optical Module) which houses 24 3 inch PMTs pointed in
all directions [63]. Further instrumentation will include advanced LED calibration devices
such as the POCAM, to study the ice properties and sensor characteristics [64].
One of the primary goals of the ICU is to enhance the sensitivity of the low energy program
of IceCube. The denser array and improved optical modules will reduce the energy thresh-
old of neutrinos down to the GeV scale and also improve the ability to reconstruct these
Figure 2.9: Schematic drawing of the IceCube-Upgrade strings (red), embedded in the Ice-
Cube/DeepCore array (blue/green respectively) [59].
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Figure 2.10: Current measurements of the rate of vτ appearance relative to the standard expec-
tation, compared with the projected IceCube-Upgrade 1 year sensitivity [59].
events. This will enable for a more precise measurement of the neutrino mixing parameters
using atmopsherically produced neutrinos. In particular, as shown in Figure 2.10, the ICU
will achieve unprecedented sensitivity for the atmospheric vτ appearance channel, provid-
ing strong constraints on the unitarity of the neutrino mixing matrix (see Section 1.2).
The calibration instrumentation also provides an opportunity to greatly improve recon-
struction of high-energy astrophysical neutrino events, which are currently limited by sys-
tematic uncertainties of the ice and DOM responses. The refined calibration can be applied
not just for future events but can be used in order to reanalyse all events contained in more
than ten years of archival data. The high-energy cascade events account for the major-
ity of detected astrophysical neutrinos, and these events in particular will benefit from
an improved angular resolution, shown to reach an accuracy of 5–10◦, compared to the
current 10–15◦ [59]. It is also a realistic hope to achieve an angular resolution of 0.1◦ for
high-energy track events. The improved angular resolution will also help in identification
of astrophysical neutrino cascade events, potentially leading to additional signals upon re-
analysis of archival data. This performance will greatly improve the prospects for neutrino
astronomy with IceCube, allowing for all-flavour point source searches.
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Search for Quantum Gravity
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3 Search for Lorentz Violation with
Atmospheric Neutrinos
Very small violations of Lorentz symmetry, or Lorentz violation (LV), are allowed in many
ultra-high-energy quantum gravity (QG) theories [65–67]. Localisation of these theories is
set by the strength of gravity, therefore these violations are expected to occur at Planck
scale regimes (MP ∼ 1019 GeV). The discovery of LV could be the first indication of a
theory of QG. World-wide efforts are therefore underway to search for evidence of LV [68,
69]. So far all searches of LV have obtained null results.
Neutrinos are a particularly interesting sector to search for such effects as they are neutral,
relativistic particles and so one expects deviations to occur at around MP 1. In the past,
the cause of neutrino oscillations was not precisely known, and LV was suggested as a
possible source of neutrino flavour anomalies [70]. Subsequently, the L/E dependence of
standard neutrino oscillations was measured [71] (see Section 1.2 for more on neutrino
mixing). Because the neutrino mass term in the effective Hamiltonian has a 1/E energy
dependence, it was a strong indication that a nonzero neutrino mass is in fact the cause of
neutrino oscillations, not LV. Then, the focus of the community shifted to consider LV to
be a second order effect in neutrino oscillations. Here, experiments measure the number
of neutrinos of different flavours, observed as a function of the neutrino energy E, and the
distance the beam has travelled L. The microscopic neutrino masses are directly tied to
the macroscopic neutrino oscillation length and so neutrino oscillation data has been used
to look for small deviations due to LV from the standard neutrino mass oscillations. In this
sense, neutrino oscillations are similar to photon interference experiments in their ability
to probe very small scales in nature. The focus here is to present the most precise test of
LV in the atmospheric neutrino sector by using vµ → vτ neutrino oscillations as a natural
interferometer with a size equal to the diameter of Earth. This work has been published
in Reference [72].
1For non-relativistic massive particles, LV effects are expected to occur at scales even greater than MP
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3.1 Phenomenology
There are a few different possibilities of Lorentz symmetry in QG theories [73]. The
first is simply an unmodified symmetry in which inertial observers, O and O′, are related
by the familiar relation L′ =
√
1− v2/c2 L and the dispersion relation takes the form
E2 = c2p2 + c4m2.
Another possibility is the presence of a background field which selects a preferred inertial
observer. This situation is demonstrated in Figure 3.1. There is a relevant distinction to
be made between two types of Lorentz transformations here. The first are observer Lorentz
transformations, shown on the left, which involve a transform of the coordinate system.
In this thesis, the system is unaffected and observer Lorentz symmetry is preserved, or in
other words the Lorentz symmetry is covariant. The figure on the right demonstrates a
particle Lorentz transformation, which is a Lorentz transformation of a particle but not on
the background fields. Here, there is lack of invariance as the laws of transformation are
not applied to the background field, therefore the particle Lorentz symmetry is broken. In
particular, the dispersion relation of a particle depends on the background [74].
x
y
x′
y′
x
y
Figure 3.1: Diagram showing two types of Lorentz rotation on a particle in the presence of a
background field. On the left is shown an observer Lorentz rotation and on the right
is shown a particle Lorentz rotation.
46
3.1 Phenomenology
3.1.1 Standard model extension
One approach to look for LV is to use a model-independent effective field theory, such
as the standard model extension (SME) [75, 76]. The SME can provide a framework to
compare results of LV searches from many different fields such as photons [77–80], nucle-
ons [81–83], charged leptons [84–86], and gravity [87]. This formalism incorporates various
fundamental features of quantum field theories, such as energy-momentum conservation,
observer Lorentz transformations, and spin-statistics; however, it also includes all possible
types of violations of particle Lorentz transformations. Past searches of LV have mainly
focused on the directional effect in the Sun-centered celestial-equatorial frame by looking
at the time dependence of physics observables as direction-dependent physics appears as a
function of the Earth’s rotation [68]. However, in this case, no time dependence is assumed,
and instead what is looked at are the energy distribution distortions caused by direction-
and time-independent isotropic LV, by assuming that the new physics is isotropic in the
cosmic microwave background (CMB) frame. It would be most optimal to simultaneously
look for both effects, but the limited statistics in the analysis does not allow for this.
Starting from an effective Hamiltonian derived from the SME [88, 89], which can be written
as a series expansion:
Heff ≈
m2
2E
+
∑
d=3,5,...
E d−3
◦
a(d) −
∑
d=4,6,...
E d−3
◦
c(d) (3.1)
The first term here is the from standard two-neutrino Hamiltonian (see Section 1.2) and
notably it decreases with energy. The remaining terms (◦a(3), ◦c(4), ◦a(5), and so on) arise
from the SME and describe isotropic LV effects. The circle symbol on the top indicates
isotropic coefficients, and the number in the bracket is the dimension of the operator. Their
terms are typically classified by CPT symmetry; CPT-odd/-violating (◦a(d)) and CPT-
even/-conserving (◦c(d)), highlighting the reliance of CPT symmetry on Lorentz invariance
as discussed in Section 1.2.4. Focusing on muon neutrino to tau neutrino (vµ → vτ )
oscillations, all SME terms here can be expressed as 2× 2 matrices, such as:
◦
c(6) =


◦
c
(6)
µµ
◦
c
(6)
µτ
◦
c
(6)
µτ
∗ ◦
c
(6)
ττ

 (3.2)
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Without loss of generality, the matrices are defined so that they are traceless, ◦c(6)µµ+
◦
c
(6)
ττ = 0,
leaving three independent elements, in this case: ◦c(6)µµ , Re(
◦
c
(6)
µτ ) and Im(
◦
c
(6)
µτ ). The off-
diagonal LV term ◦c(6)µτ dominates neutrino oscillations at high-energy, which is the main
interest in this analysis. In this formalism, LV can be described by an infinite series,
but higher-order terms are expected to be suppressed by powers of MP . Therefore, most
terrestrial experiments focus on searching for effects of dimension-three and -four operators;
◦
a(3) and E ◦c(4) respectively, also called the minimal SME. However, this analysis extends
to dimension-eight; that is E2 ◦a(5), E3 ◦c(6), E4 ◦a(7) and E5 ◦c(8). Such higher orders are
accessible by IceCube, which observes high-energy neutrinos where an enhancement is
expected from the terms with dimension greater than four. As an example, dimension-six
new physics operators of order 1
M2P
∼ 10−38 GeV−2 are expected. Only one dimensional
operator is assumed to be important at any given energy scale, because the strength of LV
is expected to be different at different orders.
3.1.2 Lorentz violating neutrino oscillations
As discussed in Section 1.2, for conventional vacuum neutrino mixing, the oscillation prob-
ability Pvα→vβ is determined by the energy independent mixing angles; θ12, θ13, θ23, δ and
mass squared differences; ∆m221, ∆m23l, with the energy dependence entering through the
oscillation length Losc ∝ E/∆m2. Once LV is introduced through the SME as in Equa-
tion 3.1, each of the LV SME operators introduces an energy dependence differing from
the standard case. For example, the case of the ◦c(4) operator with an effective mass dif-
ference of ∆◦c(4) would lead to an oscillation length with dependence L(4)osc ∝
(
E∆
◦
c(4)
)−1.
Therefore, detection of neutrino oscillation spectral anomalies differing from the usual ∝ E
dependence or energy dependence in the vacuum mixing angles would constitute a clear
signal of LV. Figure 3.2 shows a depiction of how this is applied to search for LV in this
analysis. By utilising the flux of atmospheric muon neutrinos, the LV field in the back-
ground could induce an anomalous neutrino oscillation into tau neutrinos. Therefore, a
potential signal of LV is the anomalous disappearance of muon neutrinos.
The vµ → vτ two flavour new physics oscillation scheme following from References [70, 90]
is used. This is appropriate as the matter potential of ve is much bigger than that due to
LV effects, the size of LV that is considered here hardly induces any vµ → ve transition.
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Figure 3.2: Test of LV with atmospheric neutrinos. The LV field, indicated by the arrows, per-
meates space and could induce an anomalous neutrino oscillation to tau neutrinos.
Note, here only the isotropic component is tested.
49
3 Search for Lorentz Violation with Atmospheric Neutrinos
The oscillation probability can then be calculated from the SME effective Hamiltonian
given in Equation 3.1, in a similar way as that shown in Section 1.2.2:
P
(d)
vµ→vτ =
∣∣∣2A(d)2
∣∣∣
2
(
λ
(d)
2 − λ
(d)
1
)2 sin
2
(
λ
(d)
2 − λ
(d)
1
2
L
)
(3.3)
where
λ
(d)
1 = 12
[(
A
(d)
1 +A
(d)
3
)
−
√∣∣∣A(d)1 −A
(d)
3
∣∣∣
2
+
∣∣∣2A(d)2
∣∣∣
2
]
(3.4)
λ
(d)
2 = 12
[(
A
(d)
1 +A
(d)
3
)
+
√∣∣∣A(d)1 −A
(d)
3
∣∣∣
2
+
∣∣∣2A(d)2
∣∣∣
2
]
(3.5)
A
(d)
1 =
1
2E
(
m22 cos
2 θ23 +m
2
3 sin
2 θ23
)
+ Ed−3
(
◦
a(d)µµ −
◦
c(d)µµ
)
(3.6)
A
(d)
2 =
1
2E
cos θ23 sin θ23
(
m22 −m23
)
+ Ed−3
(
◦
a(d)µτ −
◦
c(d)µτ
)
(3.7)
A
(d)
3 =
1
2E
(
m22 cos
2 θ23 +m
2
3 sin
2 θ23
)
− Ed−3
(
◦
a(d)µµ −
◦
c(d)µµ
)
(3.8)
Here, the SME effective Hamiltonian is diagonalised with eigenvalues λ(d)1 and λ
(d)
2 , where
λ
(d)
2 > λ
(d)
1 . The equivalent antineutrino oscillation probability can be obtained by switch-
ing the sign of the CPT-odd terms, ◦a(d) → −◦a(d). This gives the oscillation probability as
it is used in this analysis.
In the high-energy limit, the neutrino mass effect is negligible in comparison to LV effects
and so the oscillation probability can be simplified:
P
(d)
vµ→vτ ∼

1−
∣∣∣◦a(d)µµ − ◦c(d)µµ
∣∣∣
2
ρ2d

 sin2
(
LρdE
d−3
)
(3.9)
=
∣∣∣◦a(d)µτ − ◦c(d)µτ
∣∣∣
ρ2d
sin2
(
LρdE
d−3
)
(3.10)
Here, ρd ≡
√
(
◦
a
(d)
µµ)2 + Re(
◦
a
(d)
µτ )2 + Im(
◦
a
(d)
µτ )2 or
√
(
◦
c
(d)
µµ)2 + Re(
◦
c
(d)
µτ )2 + Im(
◦
c
(d)
µτ )2 which rep-
resents the strength of LV. Then, ◦a(d)µµ/ρd and
◦
c
(d)
µµ/ρd become fractions of diagonal terms
that are bounded between −1 and +1. This suggests that there are no LV neutrino oscil-
lations without off-diagonal terms and that the LV oscillations are symmetric between the
real and imaginary parts of the off-diagonal SME operators.
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3.2 Analysis Method
3.2.1 Data selection
The analysis presented here uses a public data set released by IceCube [39]. This data set
was developed to search for diffuse astrophysical neutrinos and consists of a high purity
muon data set representing 34,975 vµ from the northern sky with 0.1% atmospheric muon
contamination, extracted from data taken during 659.5 days of live time recorded between
May 2010 and May 2012. A short summary will be given here but for more details see the
publication or thesis by Weaver [39, 54].
This data set takes advantage of the long tracks produced by muons in IceCube (see Sec-
tion 2.2.1). In order to ensure that the observed muons are likely produced by neutrinos
and are not from cosmic ray air showers, only muons whose directions imply that they
have passed through substantially more material that the maximum range of the muon are
selected. This approach cannot distinguish neutrinos by origin (atmospheric or astrophys-
ical), indeed the majority of the data set originates from atmospheric neutrinos, with the
diffuse astrophysical component populating only the highest energy tail. Therefore, this
data set provides a high purity sample of high-energy atmospheric muon neutrinos which
will be used here in order to search for LV as described in the previous section.
As discussed in Section 2.2.1, the energy reconstruction of non-contained tracks is chal-
lenging. Reconstruction is split into segments in which the mean dE/dx is determined
by fitting the amount of light expected to be observed. This gives a proxy for the muon
energy, limited by the relatively short section of the muon’s total track which is observed
and is only loosely connected to the energy of the interacting neutrino. The energy proxy
does not have a linear relationship to the actual muon energy, but values above ∼ 3× 103
are roughly equivalent to the same quantity in GeV.
Figures 3.3-3.4 show the reconstructed muon energy proxy distribution and reconstructed
zenith angle, respectively, compared to expected distributions of the conventional, prompt
and astrophysical neutrino spectrum (see Section 1.3 for more on neutrino production).
The conventional flux dominates at proxy energies less than 18 × 103 (∼ 18 TeV muon
energy) above which the harder prompt and astrophysical components become relevant.
To minimize contamination from prompt or astrophysical neutrinos, events with proxy
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Figure 3.3: The distribution of reconstructed muon energy proxy for events in the final sample,
compared to expected distributions [39]. Only statistical errors are shown. The
shaded regions show data which is excluded in this analysis. Note the binning
shown here is not the one used in this analysis (see text).
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Figure 3.4: The distribution of reconstructed zenith angles in the final sample, compared to
expected distributions [39]. Only statistical errors are shown, though in almost all
bins they are small enough to be hidden by the data markers. The shaded region
shows data which is excluded in this analysis. Note the binning shown here is not
the one used in this analysis (see text).
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energies above 18 × 103 are not used in this analysis. Furthermore, we introduce a lower
energy boundary at a proxy energy of 400, as the correlation between proxy energy and
incident muon energy is lost below this point [54]. For this analysis, we use 10 linearly
spaced bins in cosine of the zenith angle from −1.0 (vertical) to 0.0 (horizontal) and
17 logarithmically spaced bins in reconstructed muon energy proxy ranging from 400 to
18× 103.
3.2.2 Simulation
The data release includes the tools necessary to compute expected event rates for any given
theoretical neutrino flux in the form of an effective area release [39]. The effective area gives
the area of a hypothetical detector with perfect efficiency which would be required to collect
neutrino interactions at the same rate, therefore it accounts for the propagation of neutrinos
through the Earth, interaction to produce secondaries, detection of the secondaries by
IceCube, and the data selection criteria. They are provided as eight tables labelled by
year (2010, 2011) and particle type (vµ, v̄µ, vτ , v̄τ ) with each binned in three dimensions;
true neutrino energy, true/reconstructed neutrino zenith angle, and reconstructed muon
energy proxy. Figure 3.5 shows the effective area of this data selection as a function of
true neutrino energy for several different ranges of zenith angles, averaged to all other
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Figure 3.5: The effective area of the detector for a flux of neutrinos after all data selection
criteria have been applied [54]. The area is shown for five zenith angle bands, and
the average of all zenith angles is overlaid in green.
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event properties. A notable feature here is the attenuation due to Earth absorption at the
largest zenith angles, where the amount of material traversed is greatest, and also at the
highest energies, where the cross-section is larger. The Earth model used in the calculation
of these effective areas is the Preliminary Earth Reference Model (PREM) [91] and for
the neutrino cross-section model, the CSMS calculation is used [46] which is discussed in
detail in Section 1.4.1 and shown in Figure 1.14.
The number of expected events in analysis space (cos θ,Eproxy), can then be computed for
a given differential neutrino flux at the detector Φ (Ev, cos θ):
N (cos θ,Eproxy) =
∫
dEv · dt · Φ (Ev, cos θ) ·Aveff (Ev, cos θ,Eproxy) (3.11)
where t is the total livetime. In this way, the effects of LV can be probed in analysis space as
a deviation in the neutrino flux at the detector Φ (Ev, cos θ)→ Φ(d)
(
Ev, cos θ,
◦
c
(d)
µτ
)
. This
flux is calculated in the following way. The predicted conventional atmospheric neutrino
fluxes2 are calculated using the matrix cascade equation using the mceq package [32],
as described in Section 1.3.1. The prompt neutrino flux is calculated with the ERS [92]
model. The astrophysical neutrino flux, while small in the energy range of consideration
here, is modelled as a power law with normalisation and spectral index, ∼ ΦE−γ . Finally,
vµ → vτ neutrino oscillations are taken into account in the presence of an LV field using
the SME effective Hamiltonian prescription given by Equation 3.3.
The short distance of travel for horizontal neutrinos (cos θ = 0) leads to negligible spectral
distortion due to LV, whereas the long path length for vertical neutrinos (cos θ = −1) leads
to modifications. By comparing the ratio between between the vertical and horizontal
transition probabilities, one can visualise the effect of LV as is shown in Figure 3.6. The
data transition probability is defined by the ratio of observed events to expected events,
and the simulation transition probability is defined by the expected events in the presence
of LV to the number of events in the absence of LV. In the absence of LV, this ratio equals 1.
Here several predictions from simulations with different dimension-six LV parameters
∣∣∣◦c(6)µτ
∣∣∣
are shown. In general, higher order terms are more important at higher energies.
2The components of the conventional flux coming from pions and kaons is calculated separately and
then summed. This enables us to account for systematic uncertainties between the two components, as
will be seen in Section 3.2.3.
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Figure 3.6: The ratio of vertical to horizontal neutrino transition probabilities. Here, vertical
events are defined by cos θ ≤ −0.6 and the horizontal events are defined as cos θ ≥
−0.6. The transition probability ratio with 1σ statistical errors, extracted from the
data, is compared to the prediction for various dimension-six operator values. The
range of uncorrelated systematic uncertainties is shown as a light gray band. This
is constructed from ensembles of many simulations where the nuisance parameters
are varied within their uncertainties (see Section 3.3.2).
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3.2.3 Systematics
The dominant systematic uncertainties in this analysis are related to the atmospheric and
astrophysical neutrino fluxes. This analysis is particularly sensitive to the highest energies
neutrinos, where an enhancement is expected for higher dimensional SME coefficients (see
Section 3.1). Therefore, the uncertainties concerning the neutrino flux predictions must be
taken into account. A description of the parameters used to quantify this uncertainty will
be introduced and discussed here and, as will be expanded on in Section 3.2.4, these will
then define the nuisance parameters of this analysis.
The systematic uncertainties of the data set being used for this analysis has been studied
in great detail, both in the diffuse astrophysical flux analysis, for which this data set was
curated, and also in an analysis searching for anomalous neutrino oscillations of atmo-
spheric neutrinos due to a sterile neutrino flavour [39, 54, 93–95]. In order to describe the
uncertainties in the neutrino flux predictions, a similar approach will be taken as in these
analyses. The atmospheric vµ flux can be written as:
Φatm =Nconv · Φconv ·
(
Ev
2020 GeV
)−∆γCR
+
Nprompt · Φprompt ·
(
Ev
7877 GeV
)−∆γCR
(3.12)
Φconv = ΦK +Rπ/K Φπ (3.13)
where Φconv is the conventional vµ flux, Φprompt is the prompt vµ flux, ΦK is the conven-
tional vµ flux component coming from kaon decays, and Φπ is the conventional vµ flux
component coming from muon decays. These various components of the atmospheric flux
are discussed in detail in Section 1.3.1. The four systematic parameters introduced here
are the overall conventional flux normalisation Nconv, the ratio of the conventional flux
coming from pions or kaons Rπ/K , the spectral index of the primary cosmic ray flux ∆γCR,
and the overall prompt flux normalisation Nprompt.
The conventional vµ flux normalisation has fairly large uncertainty, primarily due to QCD
uncertainties in the air shower development in the energy range of interest here. A theoret-
ical uncertainty on this normalisation derived from variations of the hadronic interaction
model is presented in [96]. It finds an ∼ 40% uncertainty, which will be used here to define
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a Gaussian prior on Nconv. Note the prior is modified slightly such that Nconv is always
greater than 0.1. On top of this normalisation, hadronic interaction models also exhibit
a spectral uncertainty based on the ratio of the pion- and kaon-induced neutrinos due to
their different critical energies (see Section 1.3.1). The parameter Rπ/K accounts for this
and in this analysis it will be included with a Gaussian prior with a 10% uncertainty [93,
95]. As for the prompt flux normalisation, it has never been conclusively observed and so
the only constraint made on its value is that it never go below 0. Finally, both these fluxes
depend directly on the flux of cosmic rays. The overall normalisation uncertainty is al-
ready accounted for in the individual normalisations; however, there is also an uncertainty
in the shape. For the energies of interest here, measurements of the cosmic ray spectral
index show some disagreement, at the level of ±0.05 [33]. Here, we implement this with
a Gaussian prior for ∆γCR. Note here, the spectral index is implemented around a pivot
of the approximate median energy of the spectrum to minimise degeneracy with the nor-
malisation parameters. Figures 3.7a-d demonstrate the effect of each of these systematic
parameters in proxy energy space.
The astrophysical neutrino flux can equivalently be written as:
Φastro = Nastro · φastro ·
(
Ev
100 TeV
)−2+∆γastro
(3.14)
where φastro is the astrophysical neutrino flux normalisation, Nastro is an overall normalisa-
tion systematic parameter and ∆γastro is the modification to astrophysical neutrino spectral
index. As per conventions, the pivot is chosen here to be at 100 TeV and the systematic
parameter is fashioned to be the change from an E−2 power spectrum. In this analysis, we
assume ignorance on the normalisation, only that it never go below 0. From measurements
of this spectral index from various other IceCube analyses, a flat prior is used for ∆γastro
with ranges −0.5→ 0.5 [38]. Figures 3.7e-f demonstrate the effect of these two systematic
parameters in proxy energy space.
Also to be considered are detector and ice related uncertainties. While the absolute DOM
optical efficiency is measured in lab, shadowing caused by the DOM cable and unknown
local optical conditions after deployment introduce an uncertainty in the detected energy
and angular event reconstruction. This was accounted for in the diffuse astrophysical
analysis with extensive simulations of various DOM configurations, fitting to the effective
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Figure 3.7: Effect of the systematic parameters used in this analysis on the event distribution in
muon energy proxy space. Black (solid) histogram shows the baseline expectation,
blue (dashed) shows an upward fluctuation and red (dotted) shows a downward
fluctuation.
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Parameter Symbol Central value Prior
Conventional flux normalisation Nconv 1 Gaussian: 1± 40%
Prompt flux normalisation Nprompt 1 Flat: 0→∞
Astrophysical flux normalisation Nastro 1 Flat: 0→∞
Ratio of pion to kaon production Rπ/K 1 Gaussian: 1± 10%
Cosmic ray spectral index change ∆γCR 0 Gaussian: 0± 0.05
Astrophysical spectral index change ∆γastro 0 Flat: −0.5→ +0.5
Table 3.1: Systematic parameters used in this analysis, showing the prior imposed on each
parameter. Note the conventional flux normalisation prior is also constrained such
that it cannot go below a value of 0.1. See text for more details.
DOM optical efficiency. The data was seen to tightly constrain the DOM efficiency, with
a 0.5% error on the best fit value [39]. The DOM efficiency is set with good precision with
the position of the peak of the energy distribution at ∼TeV, as was also observed in the
sterile neutrino analysis [93]. The analysis here, however, is most sensitive to the highest
energies, therefore the DOM efficiency is expected to have a small effect on constraints of
LV. Light propagation uncertainties may also arise from uncertainties in the ice scattering
and absorption models; however, it was found in the sterile analysis that the uncertainty is
not significant and is comparable to the statistical error [93]. Also investigated in the sterile
neutrino analysis but found to be small effects were neutrino propagation and interaction
uncertainties. Table 3.1 provides a summary of the systematic parameters used in this
analysis.
3.2.4 Classical statistics
Data is stochastic in nature, so an experimenter uses statistical methods on a data sample
x to make inferences about unknown parameters θ of a probabilistic model of the data
f (x|θ). The likelihood principle describes a function of the parameters θ, determined by
the observed sample, that contains all the information about θ that is available from the
sample. Given x is observed and is distributed according to a joint probability distribution
function (PDF), f (x|θ), the function of θ which is defined by
L (θ|x) ≡ f (x|θ) (3.15)
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is called the likelihood function [97]. If the data x consists of independent and identically
distributed values, then:
L (θ|x) = L (θ1, . . . , θk|x1, . . . , xn) =
n∏
i=1
f (xi|θ1, . . . , θk) (3.16)
The maximum likelihood estimators (MLE) of the parameters θ, denoted by θ̂(x), are at-
tained by maximising L (θ|x). When working with large data samples, it can be convenient
to bin the values into a histogram with N bins, so one obtains a vector of binned values
n = (n1, . . . , nN ). If ni are regraded as independent and Poisson distributed, then the
likelihood can be written as:
L (θ|n) =
N∏
i=1
µi (θ)
ni
ni!
e−µi(θ) (3.17)
where the mean values µi are functions of θ. This is the form of the likelihood that will be
used in this analysis. Often, not all the model parameters are of direct inferential interest
however they are included as they may reduce the effect of systematic bias. These are
called the nuisance parameters, θv. To reduce the impact of the nuisance parameters,
prior knowledge based on past measurements y may be included in the likelihood:
L (θI ,θv|x,y) =
N∏
i=1
fI (xi|θI) · fv (y|θv) (3.18)
By finding the MLE for the nuisance parameters, θ̂v(y), the profile likelihood can be written
in terms independent of θv:
LP (θI |x,y) = L
(
θI , θ̂v (y)
∣∣∣x,y
)
(3.19)
For this analysis, the parameters of interest will be the three independent parameters
making up an SME term for a given dimension d (see Section 3.1.1). In addition, Table 3.1
provides a summary of the six nuisance parameters along with the respective prior.
The key method of inference in physics is hypothesis testing. The two complementary
hypotheses in a hypothesis testing problem are called the null hypothesis and the alternative
hypothesis. The goal of a hypothesis test is to decide, based on a sample of data, which
of the two complementary hypotheses is preferred. The general format of the null and
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alternative hypothesis is H0 : θ ∈ Θ0 and H1 : θ ∈ Θc0, where Θ0 is some subset of the
parameter space and Θc0 is its complement. In this analysis, the null hypothesis will be the
no LV hypothesis, where each SME term is equal to 0, and the alternative hypothesis will
be a non-zero LV hypothesis, where any SME term is non-zero. Typically, a hypothesis
test is specified in terms of a test statistic (TS) which is used to define the rejection region,
which is the region in which the null hypothesis can be rejected. The Neyman-Pearson
lemma [98] then states that the likelihood ratio test (LRT) statistic is the most powerful
test statistic:
λ (x) =
L
(
θ̂0
∣∣∣x
)
L
(
θ̂
∣∣∣x
) (3.20)
where θ̂ is a MLE of θ and θ̂0 is a MLE of θ obtained by doing a restricted maximi-
sation, assuming Θ0 is the parameter space. The effect of nuisance parameters can be
included by substituting the likelihood with the profile likelihood L → LP , as shown in
Equation 3.19. The rejection region then has the form R (θ0) = {x : λ (x) ≤ c (α)}, such
that Pθ0 (x ∈ R (θ0)) ≤ α, where α satisfies 0 ≤ α ≤ 1 and is called the size or significance
level of the test and is specified prior to the experiment. Typically in high-energy physics
the level of significance where an effect is said to qualify as a discovery is at the 5σ level,
corresponding to an α of 2.87×10−7. In a binned analysis, the distribution of λ (n) can be
approximated by generating mock data or realisations of the null hypothesis. However, this
can be computationally difficult to perform. Instead, according to Wilks’ theorem [99], for
sufficiently large x and provided certain regularity conditions are met (MLE exists and is
unique), −2 lnλ (x) can be approximated to follow a χ2 distribution. The χ2 distribution
is parameterised by k, the number of degrees of freedom, which is defined as the number of
independent normally distributed variables that were summed together. When the profile
likelihood is used to account for n nuisance parameters, the effective number of degrees of
freedom will be reduced to k − n, due to additional constraints placed via profiling. From
this, c (α) can be easily obtained from χ2 cumulative distribution function (CDF) lookup
tables.
As shown so far, the LRT informs on the best fit point of parameters θ. In addition to
this point estimator, some sort of interval estimator is also useful to report to reflect its
statistical precision. Interval estimators together with a measure of confidence are also
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known as confidence intervals which has the important property of coverage. The purpose
of using an interval estimator is to have some guarantee of capturing the parameter of
interest, quantified by the coverage coefficient, 1−α. In this classical approach, one needs
to keep in mind that the interval is the random quantity, not the parameter - which is fixed.
Since we do not know the value of θ, we can only guarantee a coverage probability equal
to the confidence coefficient. There is a strong correspondence between hypothesis testing
and interval estimation. The hypothesis test fixes the parameter and asks what sample
values (the acceptance region) are consistent with that fixed value. The interval estimation
fixes the sample value and asks what parameter values (the confidence interval) make this
sample value most plausible. This can be written in terms of the LRT statistic:
λ (θ) =
L (θ|x)
L
(
θ̂
∣∣∣x
) (3.21)
The confidence interval is then formed as C (x) = {θ : λ (θ) ≥ c (1− α)}, such that
Pθ (θ ∈ C (x)) ≥ 1− α. Assuming Wilks’ theorem holds, this can be written more specif-
ically as C (x) =
{
θ : −2 lnλ (θ) ≤ CDF−1
χ2
(k, 1− α)
}
, where CDF−1
χ2
is the inverse CDF
for a χ2 distribution. One again, the effect of nuisance parameters can be accounted for
by using the profile likelihood analogously to hypothesis testing.
3.2.5 Bayesian statistics
The Bayesian approach to statistics is fundamentally different to the classical (frequen-
tist) approach that has been taken so far. In the classical approach the parameter θ is
thought to be an unknown, but fixed quantity. In a Bayesian approach, θ is considered to
be a quantity whose variation can be described by a probability distribution (called the
prior distribution), which is subjective based on the experimenter’s belief. The Bayesian
approach is also different in terms of computation, whereby the classical approach con-
sists of optimisation problems (finding maxima), the Bayesian approach often results in
integration problems.
In this approach, when an experiment is performed it updates the prior distribution with
new information. The updated prior is called the posterior distribution and is computed
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through the use of Bayes’ Theorem [100]:
π (θ|x) = f (x|θ)π (θ)
m (x)
(3.22)
where π (θ|x) is the posterior distribution, f (x|θ) ≡ L (θ|x) is the likelihood, π (θ) is the
prior distribution and m (x) is the marginal distribution,
m (x) =
∫
f (x|θ)π (θ) dθ (3.23)
The maximum a posteriori probability (MAP) estimate of the parameters θ, denoted by
θ̂MAP (x) are attained by maximising π (θ|x). This estimator can be interpreted as an
analogue of the MLE for Bayesian estimation, where the distribution has become the pos-
terior. An important distinction to make from the classical approach is in the treatment of
the nuisance parameters. The priors on θv are naturally included as part of the prior distri-
bution π (θv) = π (θv|y) based on a past measurement y. Then the posterior distribution
can be obtained for θI alone by marginalising over the nuisance parameters:
π (θI |x) =
∫
π (θI ,θv|x) dθv (3.24)
For this analysis, the Bayesian intervals will also be reported as supplementary material
alongside the classical confidence intervals which were described in the previous section.
In contrast to the classical approach, where an interval is said to have coverage of the
parameter θ, the Bayesian approach allows one to say that θ is inside the interval with
a probability 1 − β. This distinction is emphasised by referring to Bayesian intervals as
credible intervals and β is referred to here as the credible coefficient. Therefore, both the
interpretation and construction is more straightforward than for the classical approach.
The credible interval is formed as:
π (θ ∈ A|x) =
∫
A
π (θ|x) dθ ≥ 1− β (3.25)
This does not uniquely specify the credible interval however. The most useful convention
when working in high dimensions is the Highest Posterior Density (HPD) credible interval.
Here the interval is constructed such that the posterior meets a minimum threshold A (x) =
{θ : π (θ|x) ≥ t (1− β)}. This can be seen as an interval starting at the MAP, growing to
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include an area whose integrated probability is equal to β and where all points inside the
interval have a higher posterior value than all points outside the interval.
In the Bayesian approach, hypothesis testing can be generalised further to model selection
in which possible models (or hypotheses)M0,M1, . . . ,Mk of the data x can be compared.
This is again done through Bayes theorem where the posterior probability that x originates
from a modelMj is
π (Mj |x) =
f (x|Mj)π (Mj)
M (x)
where M (x) =
k∑
i=0
f (x|Mi)π (Mi) (3.26)
the likelihood of the model f (x|Mj) can then be written as the marginal distribution over
model parameters θj , also referred to as the evidence of a particular model:
Zj (x) = f (x|Mj) =
∫
fj (x|θj)πj (θj) dθj (3.27)
This was seen before as just a normalisation constant in Equation 3.23; however, this
quantity is central in Bayesian model selection, which for two models M0 and M1 is
realised through the ratio of the posteriors:
π (M0|x)
π (M1|x)
= B 0/1 (x)
π (M0)
π (M1)
where B 0/1 (x) =
Z0 (x)
Z1 (x)
(3.28)
Bayes factor Strength of evidence
B0/1 < 10
−2
10−2 <B0/1 < 10
−3/2
10−3/2 <B0/1 < 10
−1
10−1 <B0/1 < 10
−1/2
10−1/2 <B0/1 < 1
1 <B0/1 < 10
1/2
101/2 <B0/1 < 10
1
101 <B0/1 < 10
3/2
103/2 <B0/1 < 10
2
102 <B0/1
Evidence againstM0 decisive
Evidence againstM0 very strong
Evidence againstM0 strong
Evidence againstM0 substantial
Evidence againstM0 barely worth mention
Evidence forM0 barely worth mention
Evidence forM0 substantial
Evidence forM0 strong
Evidence forM0 very strong
Evidence forM0 decisive
Table 3.2: List of Bayes factors and their inference convention according to Jeffreys’ scale [101].
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here we denote the quantity B 0/1 (x) as the Bayes factor which measures the relative
evidence of each model and can be reported independent of the prior on the model. It
can be interpreted as the strength of evidence for a particular model and a convention
formulated by Jeffreys [101] is one way to interpret this inference, as shown in Table 3.2.
In this analysis, the no LV or null hypothesis will representM0, and the alternativeM1.
3.2.6 Sampling
The goal of a Bayesian inference is to maintain the full posterior probability distribution.
The models in question may contain a large number of parameters and so such a large
dimensionality makes analytical evaluations and integrations of the posterior distribution
unfeasible. Instead the posterior distribution can be approximated using Markov Chain
Monte Carlo (MCMC) sampling algorithms. As the name suggests these are based on
Markov chains which describe a sequence of random variables Θ0,Θ1, . . . that can be
thought of as evolving over time, with probability of transition depending on the imme-
diate past variable, P (Θk+1 ∈ A|θ0, θ1, . . . , θk) = P (Θk+1 ∈ A|θk) [102]. In an MCMC
algorithm, Markov chains are generated by a simulation of walkers which randomly walk
the parameter space according to an algorithm such that the distribution of the chains
asymptotically reaches a target density f (θ) that is unique and stationary (i.e. no longer
evolving). This technique is particularly useful as the chains generated for the posterior
distribution can automatically provide the chains of any marginalised distribution, e.g. a
marginalisation over any or all of the nuisance parameters.
Algorithm 1 Metropolis-Hastings [102, 103]
Given θ(t),
1. Generate θ′t ∼ q
(
θ′
∣∣θ(t)
)
.
2. Take
θ(t+1) =
{
θ′t with probability ρ
(
θ(t), θ′t
)
,
θ(t) with probability 1− ρ
(
θ(t), θ′t
)
,
where
ρ
(
θ, θ′
)
= min
{
f (θ′)
f (θ)
q (θ|θ′)
q (θ′|θ) , 1
}
.
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The Metropolis-Hastings (MH) algorithm [103] is the most well known MCMC algorithm
and is shown in Algorithm 1. An initialisation state (seed) is first chosen, θ(t). The distribu-
tion q (θ′|θ), called the proposal distribution, is drawn from in order to propose a candidate
state θ′t to transition to. Commonly a Gaussian distribution is used here. Then the MH
acceptance probability, ρ (θ, θ′) defines the probability of either accepting the candidate
state θ′t, or repeating the state θ(t) for the next step in the Markov chain. The acceptance
probability always accepts the state θ′t such that the ratio f (θ′t) / q
(
θ′t
∣∣θ(t)
)
has increased
compared with the previous state f
(
θ(t)
)
/ q
(
θ(t)
∣∣θ′t
)
, where f is the target density. Impor-
tantly, in the case that the target density is the posterior distribution, f (θ) = π (θ|x), the
acceptance probability only depends on the ratio of posteriors π (θ′|x) /π (θ|x), crucially
cancelling out the difficult to calculate marginal distribution m (x), Equation 3.23. As the
chain evolves, the target density relaxes to a stationary state of samples which, in our case,
can be used to map out the posterior distribution.
To reduce the impact of any biases arising from the choice of the initialisation state, typi-
cally the first few chains after a burn-in period are discarded, after which the chains should
approximate better the target density f . While the MH algorithm forms the foundation
of all MCMC algorithms, its direct application has two disadvantages. First the proposal
distribution q (θ′|θ) must be chosen carefully and secondly the chains can get caught in
local modes of the target density. More bespoke and sophisticated implementations of the
MH algorithm exist, such as affine invariant algorithms [104] which use already-drawn
samples to define the proposal distribution or nested sampling algorithms [105], designed
to compute the evidence Z. Both these types will be used in the Bayesian approach of this
analysis. A more in depth look into the topic of MCMC algorithms is discussed in detail
in Robert and Casella [102] or Collin [106].
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3.3 Results
To constrain the LV parameters, two statistical approaches will be used. First a classical
likelihood analysis by profiling the likelihood over the nuisance parameters per set of LV
parameters as described in Section 3.2.4 is used. From the profile likelihood, the best-fit LV
parameters are found (as the MLE) and from that, the 90% and 99% confidence intervals
are drawn assuming Wilks’ theorem with three degrees of freedom. The second approach
taken will be a Bayesian approach as described in Section 3.2.5 where the posterior distri-
bution is sampled by means of an MCMC algorithm as described in Section 3.2.6. The two
procedures are found to be complementary and the extracted LV parameters agree with
the null hypothesis of no LV.
Conventionally in LV searches using neutrino oscillations, experiments maximise their lim-
its by assuming all but one of the SME elements are zero [68]. The first results shown here
in Figure 3.9 follow this convention. This figure shows the exclusion regions which are the
regions not contained in the 90% or 99% confidence interval. Here, for each dimension of
the SME operator, d = 3, 4, 5, 6, 7, 8, the diagonal SME element is set to zero and the focus
is on setting limits on the real and imaginary parts of the off-diagonal element, Re(◦a(d)µτ )
and Im(◦a(d)µτ ) or Re(
◦
c
(d)
µτ ) and Im(
◦
c
(d)
µτ ), see Section 3.1.1. There exists a perfect symmetry
in the sign of either of these off-diagonal elements, leading to four separated but identically
shaped confidence intervals per dimension depending on the signs. Here is shown the case
when both real and imaginary elements are positive. Also to note is that in this analysis,
a full scan varying over different values of the diagonal element is performed and shown
here in the figure is simply a slice of the total three-dimensional parameter space, which
can be viewed in full along with points denoting the best-fit values in Appendix A.2.
Although the real and imaginary elements are correlated, they are almost symmetric and
so the attainable best exclusion limits are extracted from the intersection of a diagonal
Re(◦a(d)µτ ) = Im(
◦
c
(d)
µτ ) line with the exclusion region, i.e. limits for the real and imaginary
elements are set to the same value. These limits are limited by the small statistics of high-
energy atmospheric neutrinos. Limits shown in Table 3.3 are extracted in this manner and
are compared alongside representative best limits from other LV searches across various
fields of physics. A comprehensive list of LV test is available in Reference [68].
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Unlike previous analyses, this analysis is also done taking into account both the diagonal
and non-diagonal terms in the SME operator, ◦c(d)µµ , Re(
◦
c
(d)
µτ ) and Im(
◦
c
(d)
µτ ). A scan in this
parameter space is performed (and shown in Appendix A.2), however as motivated in Equa-
tion 3.10 and as shall be seen, it is convenient to translate into a spherical representation
where:
Re(◦a(d)µτ )
Im(◦a(d)µτ )
◦
a
(d)
µµ
ρd
φd
θd
ρd ≡
√
(
◦
a
(d)
µµ)2 + Re(
◦
a
(d)
µτ )2 + Im(
◦
a
(d)
µτ )2
cos(θd) ≡ ◦a(d)µµ/ρd
tan(φd) ≡ Im(◦a(d)µτ )/Re(
◦
a(d)µτ )
Figure 3.8: Spherical representation of the SME paremeters.
and similar for the ◦c(d) operators. Here, ρd represents the strength of LV, cos(θd) repre-
sents the fraction of diagonal terms and tan(φd) represents the phase of the off-diagonal
element.
By probing this three dimensional space, this analysis will probe all parameter correlations,
allowing for certain combinations of parameters to be unconstrained. Figure 3.10 shows the
exclusion regions obtained for dimensions d = 3, 4, 5, 6, 7, 8 in the space of ρd, cos(θd) for
a slice in φd. The three dimensional exclusion regions are shown in Appendix A.2. These
exclusion regions exhibit a very weak dependence on the φd parameter as the complex
phase of the off-diagonal is not important at high energies (see Equation 3.10). Here, the
conventional limit can be taken as the left most point of the cos(θd) = 0 plane, the point
at which this search is maximally sensitive. The rest of the phase space has not been
traditionally explored. This can be seen to be important near cos θd = ±1, where LV is
dominated by the large diagonal element. This diagonal LV field dominates the effective
Hamiltonian, surpressing neutrino flavour transitions. Thus, the unshaded regions below
and above the exclusion region are very difficult to constrain with terrestrial experiments.
At the right most edge, the exclusion region is limited by fast LV-induced oscillations
that surpress the flux but lead to no shape distortion, similar to as is seen for standard
oscillation with very large oscillation lengths (see Section 1.2). This can be constrained
only by the absolute normalisation of the atmospheric neutrino flux. In the case of the
dimension-three operator, the right edge can be excluded by other atmospheric neutrino
oscillation measurements [107, 108].
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Figure 3.9: Exclusion region assuming only off-diagonal parameters are non-zero. The dimension
of the operator d increases from 3 to 8 in these plots, from left to right, and top to
bottom. The red (blue) regions are excluded with 90% (99%) confidence.
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Dimension Method Type Sector Limits Reference
3 CMB polarization astrophysical photon ∼ 10−43 GeV [78]
He-Xe comagnetometer tabletop neutron ∼ 10−34 GeV [82]
torsion pendulum tabletop electron ∼ 10−31 GeV [84]
muon g-2 accelerator muon ∼ 10−24 GeV [85]
neutrino oscillation atmospheric neutrino |Re(◦a(3)µτ )|, | Im(◦a(3)µτ )| < 2.9× 10
−24 GeV (99% CL)
< 2.0× 10−24 GeV (90% CL) this work
4 GRB vacuum birefringence astrophysical photon ∼ 10−38 [79]
Laser interferometer LIGO photon ∼ 10−22 [80]
Sapphire cavity oscillator tabletop photon ∼ 10−18 [77]
Ne-Rb-K comagnetometer tabletop neutron ∼ 10−29 [83]
trapped Ca+ ion tabletop electron ∼ 10−19 [86]
neutrino oscillation atmospheric neutrino |Re(◦c(4)µτ )|, | Im(◦c(4)µτ )| < 3.9× 10
−28 (99% CL)
< 2.7× 10−28 (90% CL) this work
5 GRB vacuum birefringence astrophysical photon ∼ 10−34 GeV−1 [79]
ultra-high-energy cosmic ray astrophysical proton ∼ 10−22 to 10−18 GeV−1 [81]
neutrino oscillation atmospheric neutrino |Re(◦a(5)µτ )|, | Im(◦a(5)µτ )| < 2.3× 10
−32 GeV−1 (99% CL)
< 1.5× 10−32 GeV−1 (90% CL) this work
6 GRB vacuum birefringence astrophysical photon ∼ 10−31 GeV−2 [79]
ultra-high-energy cosmic ray astrophysical proton ∼ 10−42 to 10−35 GeV−2 [81]
gravitational Cherenkov radiation astrophysical gravity ∼ 10−31 GeV−2 [87]
neutrino oscillation atmospheric neutrino |Re(◦c(6)µτ )|, | Im(◦c(6)µτ )| < 1.5× 10
−36 GeV−2 (99% CL)
< 9.1× 10−37 GeV−2 (90% CL) this work
7 GRB vacuum birefringence astrophysical photon ∼ 10−28 GeV−3 [79]
neutrino oscillation atmospheric neutrino |Re(◦a(7)µτ )|, | Im(◦a(7)µτ )| < 8.3× 10
−41 GeV−3 (99% CL)
< 3.6× 10−41 GeV−3 (90% CL) this work
8 gravitational Cherenkov radiation astrophysical gravity ∼ 10−46 GeV−4 [87]
neutrino oscillation atmospheric neutrino |Re(◦c(8)µτ )|, | Im(◦c(8)µτ )| < 5.2× 10
−45 GeV−4 (99% CL)
< 1.4× 10−45 GeV−4 (90% CL) this work
Table 3.3: Comparison of attainable best limits of SME operators in various fields shown with limits in this work at 90%/99% confidence level (CL).
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Figure 3.10: Exclusion regions in the space of two parameters: ρd and either
◦
c
(d)
µµ/ρd (odd d)
or ◦a(d)µµ/ρd (even d), which are a combination of the three SME operators. The
dimension of the operator d increases from 3 to 8 in these plots, from left to right,
and top to bottom. The red (blue) regions are excluded with 90% (99%) confidence.
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3.3.1 Discussion
The limits obtained in this analysis are highly competitive as shown in Table 3.3. For
the dimension-three and -four operators, the searches are conducted using mainly pho-
tons [77, 80], nucleons [82, 83] and charged leptons [84–86]. Going beyond terrestrial
experiments, limits arising from astrophysical observations provide strong constraints [78,
79]. Among the variety of limits coming from the neutrino sector, the attainable best lim-
its are dominated by atmospheric neutrino oscillation analyses [107, 109, 110], where the
longest propagation length and the highest energies enable one to use neutrino oscillations
as the biggest interferometer on Earth. The results from this analysis surpass past ones
due to higher statistics of high-energy atmospheric neutrinos and the improved control of
systematic uncertainties.
Searches of dimension-six and higher SME operators are dominated by astrophysical obser-
vations [79, 81, 87]. Among them, ultrahigh-energy cosmic rays (UHECR) have the highest
measured energies [111] and are used to set the strongest limits on dimension-six and higher
operators [81]. However, these limits are sensitive to the composition of UHECR, which
is currently uncertain [69, 112]. These limits assume that the cosmic rays at the highest
energies are protons, but if they are in fact iron nuclei, then the UHECR limits are sig-
nificantly degraded. This analysis sets the most stringent limits in an unambiguous way
across all fields for the dimension-six operator. Such high-dimension operators are generic
signatures of new physics [113]. For example, the dimension-five operator is an attractive
possibility to produce neutrino masses, and dimension-six operators represent new physics
interactions that can, for example, mediate proton decay. Although the LV dimension-six
operator is well motivated by certain theories [66, 67], it has so far not been probed with
elementary particles due to the lack of available high-energy sources. Thus, this work
pushes boundaries of new physics beyond the standard model and general relativity.
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3.3.2 Bayesian approach
A Bayesian analysis is also performed to show consistency between statistical treatments.
The dimension-six results will be compared. Details of this approach are outlined in Sec-
tion 3.2.5. Exclusion regions will be drawn similar to the above; however, the interpretation
here will be as exclusion region with 90%/99% credibility instead of confidence, as discussed
in Section 3.2.5. The posterior distribution will be obtained by sampling it using MCMC
techniques as described in Section 3.2.6. An important aspect of consideration in this
Bayesian approach is the definition of the priors. A flat prior will be used for each of
the SME elements in the space of ρ6, cos(θ6) and φ6 (see Figure 3.8 for definitions). The
priors on the nuisance parameters will be set according to Table 3.1, except for Nprompt in
which a weak Gaussian prior centered at a value of 0 with an error of 0.8 ERS units [92]
is introduced, as the marginal distribution for this parameter was seen to have a large
tail extending to non-physical values of Nprompt. For the LV strength, ρ6, boundaries are
chosen conservatively such that the lower boundary is expected to be equivalent to the null
hypothesis of zero LV for each dimensional operator. Priors are summarised in Table 3.4.
The emcee MCMC software package [114] will be employed for parameter estimation,
from which the credible exclusion regions will be drawn. This particular MCMC uses an
affine invariant MCMC algorithm which defines the proposal distribution by using infor-
mation on already-drawn samples of the posterior, which it does by defining an ensemble
Parameter Symbol Prior
LV strength dimension 6 ρ6 Flat: 10−38 → 10−27 GeV−2
Fraction of diagonal cos(θd) Flat: −1→ 1
Non-diagonal phase φd Flat: −π/2→ π/2
Conventional flux normalisation Nconv Gaussian: 1± 40% ∈ 0.1→ 5
Prompt flux normalisation Nprompt Gaussian: 0± 0.8 ERS ∈ 0→ 20
Astrophysical flux normalisation Nastro Flat: 0→ 100
Ratio of pion to kaon production Rπ/K Gaussian: 1± 10% ∈ 0→ 2
Cosmic ray spectral index change ∆γCR Gaussian: 0± 0.05 ∈ −1→ 1
Astrophysical spectral index change ∆γastro Flat: −0.5→ +0.5
Table 3.4: Priors used for each parameter in the Bayesian approach for the dimension-six oper-
ator.
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of chains running in parallel instead of just a single chain. Once the posterior distribu-
tion is obtained it can be marginalised (integrated) over to obtain the joint distribution
for any parameter(s). The joint distribution over any two parameters can be shown in
order to understand correlations between two parameters. Figure 3.12 shows this for the
dimension-six operator and Figure 3.13 for the null case. Here, the non-diagonal plots show
joint distributions between two parameters, labelled on the x- and y-axis and the diagonal
plots show the marginalised distributions for each parameter, as labelled on the x-axis.
The blue (light blue) shows the 90% (99%) credibility intervals. The joint posterior over
ρd and cos(θd) can then be used to form the exclusion region as shown for the dimension-six
operator in Figure 3.11 in light green.
So far, the exclusion regions have been drawn using parameter estimation techniques such
that these regions form the credible intervals from the data that the true value of the
parameter does not lie within this region with some probability. However, these regions do
not say anything with relation to the null hypothesis of no LV. Another type of exclusion
region can also be constructed by way of a hypothesis test as described in Section 3.2.5.
The evidence, Z, is calculated for many points in ρd, cos(θd) space and also in the null case
of no LV. By doing the ratio of these evidences with respect to the null evidence, a grid of
Bayes factors, B = Z0/Z1, above some threshold can be used to construct another type of
exclusion region. This exclusion region has the interpretation of being the region of model
(hypothesis) space in which there is large evidence for the null model (hypothesis) M0
compared to the evidence at that point underM1. Here, Jeffreys’ scale will be used as the
convention for the threshold criteria, as shown in Table 3.2. Then, the exclusion region can
be formed when the evidence for the null model is above a very strong strength-of-evidence,
B ≥ 103/2, as is overlaid for the dimension-six operator in Figure 3.11 in dark green. In
order to calculate the evidences at each point, the MultiNest software package [115] is
used, which is another type of MCMC which uses a nested sampling algorithm, developed
specifically for the calculation of the evidence for a particular model.
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Figure 3.11: Dimension-six operator results from the Bayesian approach for the dimension-six
operator elements. The light green area represents the excluded region with a 99%
credibility. The yellow area shows the case in which the posterior is profiled over
the nuisance parameters instead of marginalised. The dark green area corresponds
to a region with a very strong strength-of-evidence for the null hypothesis, Bayes
factor B ≥ 103/2.
The exclusion region can be seen to be complementary to the ones formed using the classical
approach, however it can also be seen there are differences in the left most region of the
exclusion zone. This is due to the different interpretation of the exclusion region and
different treatment of the systematics as described in Section 3.2.5. This can be seen as
the yellow region in Figure 3.11 which shows the exclusion region that would be obtained
by instead profiling over the nuisance parameters rather than marginalising.
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Figure 3.12: Joint posterior distributions for the various nuisance parameters and SME elements
for the dimension-six operator. Here, the non-diagonal plots show joint distribu-
tions between two parameters, labelled on the x- and y-axis and the diagonal plots
show the marginalised distributions for each parameter, as labelled on the x-axis.
The blue (light blue) shows the 90% (99%) credibility intervals.
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Figure 3.13: Joint posterior distributions for the various nuisance parameters in the case of no
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rameters, labelled on the x- and y-axis and the diagonal plots show the marginalised
distributions for each parameter, as labelled on the x-axis. The blue (light blue)
shows the 90% (99%) credibility intervals.
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3.3.3 Other checks
To confirm that this analysis gets its power from the highest energy atmospheric neutrinos,
the exclusion region was redrawn implementing a further cut of 2× 103 on the maximum
muon proxy energy (from 18 × 103 see Section 3.2.1). The result for the dimension-six
operator is shown in Figure 3.14. As can be seen, the limit which can be obtained suffers
when compared to Figure 3.10. Indeed, the highest energy neutrinos provide the best limits
in this analysis.
Figure 3.14: Exclusion region for the dimension-six SME operator using a subset of data with
a maximum muon proxy energy of 2× 103.
Another point to note is on the applicability of Wilks’ theorem when drawing the confidence
intervals in the classical statistical approach (see Section 3.2.4). The test statistic (TS)
distribution is approximated as a χ2 with number of degrees of freedom equal to three, i.e.
the three SME elements for each dimensional operator: ρd, cos(θd) and tan(φd). However,
as was motivated in Equation 3.10 and shown in the previous section, there is a very weak
dependence on tan(φd) meaning that the effective number of degrees of freedom is not
equal to three. An ensemble of realisations was generated and for each one the TS, λ, was
computed. Figure 3.15 shows the distribution of −2 lnλ, with statistical errors related to
the number of generated realisations. Also shown are the χ2 distributions for two degrees
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Figure 3.15: Distribution of −2 lnλ where λ is the test statistic. Also shown are χ2 distributions
for k = 2 degrees of freedom and k = 3 degrees of freedom.
of freedom, χ2k=2, and three degrees of freedom, χ
2
k=3. From this, it can be seen that the
TS distributions fits somewhere between k = 2 and k = 3. In this analysis, a conservative
approach is taken by using k = 3 in order to derive the confidence intervals, and therefore
the limits.
3.3.4 Conclusion
The analysis carried out here presents a test of LV with high-energy atmospheric muon
neutrinos from IceCube. Correlations of the SME elements are fully taken into account,
and systematic errors are controlled by the fit. Although no evidence of LV was found,
this analysis provides the best attainable limits on SME elements in the neutrino sector
along with limits on higher-order operators. Comparison with limits from other sectors
reveals that this work provides the best attainable limits on dimension-six elements across
all fields: from tabletop experiments to cosmology. This is a remarkable point that demon-
strates how powerful neutrino interferometry can be in the study of fundamental spacetime
properties.
Potential improvements on the search for LV in the neutrino sector using IceCube may
be possible when the astrophysical neutrino sample is used, as will be discussed in Chap-
ter 4.
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Astrophysical Neutrinos
The existence of high-energy astrophysical neutrinos has been confirmed by the IceCube
Neutrino Observatory [38, 56], revealing a new window into the study of high-energy cosmic
ray production mechanisms as well as offering a unique opportunity to study fundamental
neutrino properties in an entirely new regime [116, 117]. Figure 4.1 shows the landscape of
neutrino physics up to the highest possible energies. So far, terrestrial and sub-TeV neutri-
nos have failed to find clear evidence of new physics. Astrophysical neutrinos are, however,
a fitting yet relatively unexplored probe for new physics as they extend beyond the TeV
scale with energies as high as ultra-high-energy cosmic rays. Furthermore, the propagation
of astrophysical neutrinos from the source is well understood (see Section 1.3.2); therefore,
new physics effects can be spotted more easily than for other charged particles. Neutrino
mixing can also be a powerful probe of new physics as seen in Chapter 3. This is enhanced
even further here as astrophysical neutrinos come from extragalactic sources located at
cosmological distances, therefore even tiny new physics effects can accumulate to produce
observable differences in the neutrino flavour composition as measured on Earth [118–141].
Following directly from the analysis and motivations in Chapter 3 which utilised atmo-
spheric neutrino data, this chapter presents a general search for new physics by probing
for modifications in the astrophysical neutrino flavour data at IceCube.
3 5 7 9 11 13 15 17 19 21
Log10(Neutrino energy/eV)
1
5
10
15
20
25
L
o
g
10
(T
ra
v
el
ed
d
is
ta
n
ce
/
m
)
Geoneutrinos
Solar
Atmospheric
Reactor VSBL SBL
LBL
Supernova
High-energy
Ultra-high-energy
G
Z
K
cu
t-o
ff
Observable Universe
GZK horizon
keV MeV GeV TeV PeV EeV ZeV
km
R⊕
AU
pc
kpc
Mpc
Gpc
Figure 4.1: The neutrino landscape up to ultra-high-energy scales [116].
81
4 Search for Quantum Gravity with Astrophysical Neutrinos
4.1 Phenomenology
Even though the production mechanism of astrophysical neutrinos is still unknown, it
may still be possible to use them as a tool to find evidence of new physics. The initial
composition of the neutrino flavour states are determined by the details of the production
process as described in Section 1.3.2. In the standard oscillation scenario, for any given
initial flavour composition (also called flavour ratio), the observed flavour composition lies
in a well-defined region close to the democratic composition of fα,⊕ = 1/3, i.e. (1 : 1 : 1)⊕,
shown as the hatched region in Figure 1.10. Therefore, a measured flavoured composition
not consistent with this expectation can be interpreted as evidence for new physics.
4.1.1 New physics framework
The new physics framework adopted here is a general approach motivated by the Standard
Model Extension (see Section 3.1.1). New effective operators are introduced in the stan-
dard three neutrino scenario with unitary evolution following the prescription outlined in
Reference [131]. The effective Hamiltonian in the flavour representation can be written as
a series expansion of these new effective operators:
Heff =
1
2E
UM2U † +
∑
d≥3
Ed−3
Λd
ŨdOd Ũ
†
d (4.1)
The first term is from the standard three-neutrino Hamiltonian (see Section 1.2) and no-
tably it decreases with energy. Then d is the dimension of the new physics operator, Od is
a diagonal matrix proportional to the “mass” of the operator, Ũd is a unitary new physics
mixing matrix and Λd sets the scale at which new physics enters. In this analysis, Od is
fixed to diag (0, 1/100, 1), similar to the scalings of the standard mass matrix. Also, it
is assumed that one of the new physics operators of a given dimension d dominates the
effective Hamiltonian at a particular energy scale. Therefore, the effective Hamiltonian
takes the following form:
Hd =
1
2E
UM2U † +
Ed−3
Λd
ŨdOd Ũ
†
d (4.2)
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IceCube can detect very-high-energy astrophysical neutrinos with energies ranging from
∼ 50 TeV to a few PeV, allowing access to the highest dimensional operators where an
enhancement from the terms with dimension greater than four is expected. Typically the
sensitivity to new physics is at the order Λd ∼ Ed−2/M2 which for higher dimensional
operators, gives a sensitivity at the order of the Planck scale, 1/Md−4P , where quantum
gravity (QG) effects are expected to appear.
4.1.2 New physics in the astrophysical neutrino flavour
Similar to the procedure in Sections 1.2.2, 3.1.2, by diagonalising the effective Hamiltonian,
the effective mass matrix ∆d can be constructed with respect to Hd through the unitary
effective mixing matrix Vd(E):
Hd = V
†
d (E) ∆d Vd(E) (4.3)
This diagonalisation is computed analytically using the Cardano equation [89, 107]. Now
the transition probability from flavour state |vα〉 to |vβ〉 can be written as a modification to
the standard decoherent mixing as derived in Equation 1.41 by substituting U → Vd(E):
P
(d)
vα→vβ (E) =
∑
i
|Vαi, d(E)|2 |Vβi, d(E)|2 (4.4)
where the probability only depends on the effective mixing matrix Vd(E). Using the prob-
ability given in this equation and the flux at production φα,S, the measured neutrino flux
on Earth φβ,⊕ can be calculated. The astrophysical neutrino flux is typically a spectrum
over energy, therefore is convenient to define the energy averaged flux composition as:
φ̄
(d)
β,⊕ =
1
|∆E|
∫
∆E
∑
α
P
(d)
vα→vβ (E) φα, S(E) dE (4.5)
Finally the measured flavour composition can be can be written as f (d)β,⊕ = φ̄
(d)
β,⊕/
∑
γ φ̄
(d)
γ,⊕.
This analysis will fix the source flavour composition to be one from the standard astro-
physical source scenarios discussed in Section 1.3.2, namely the set of models with source
flavour compositions (x : 1− x : 0)S. Compositions with a vτ source component are not
expected in standard astrophysics scenarios. The study of new physics in the production
processes at the source can also be done using the astrophysical neutrino flavour [142];
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Figure 4.2: Astrophysical neutrinos are emitted from distant high-energy objects. Neutrino
propagation may be affected by new spacetime effects, or more specifically any ad-
ditional interactions which exist in the vacuum modifies neutrino mixings from the
standard case.
however, in this analysis new physics is assumed to arise only in the propagation of the
neutrinos to Earth. An illustration of the idea of this analysis is shown in Figure 4.2.
This analysis therefore uses a more general framework than that used for the atmospheric
neutrino analysis in Chapter 3, which modelled effects of isotropic Lorentz and CPT viola-
tion. The framework here remains agnostic about the new physics interpretation and can be
used to represent new physics such as Lorentz and CPT violation [72], dark energy [140],
non-standard interactions [125] and other exotic models [116, 117]. There are models
which this framework does not consider however. First, lepton number is assumed to be
conserved and models such as neutrino-antineutrino mixing are not considered. Second,
neutrino decay models which violate unitary evolution are not considered as are discussed
elsewhere [143]. Similarly, models with sterile neutrino states are not considered [141,
144].
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4.1.3 New physics texture
The accessible regions of measured flavour composition with new physics for a dimension
d operator, f (d)β,⊕, can be displayed on ternary diagram, as described in Section 1.3.2. Here,
the new physics mixing matrix Ũd is constrained by unitarity, therefore the accessible re-
gion in flavour space for any new physics operator is enclosed by the boundaries imposed
by only the source flavour composition and this unitarity condition. The coloured shaded
regions in Figure 4.3 show these boundaries for the three source flavour compositions of
consideration, which are indicated by the filled shapes. These boundaries are calculated
numerically following from Reference [145]. The distribution of the coloured points repre-
sent the posterior probability distributions in measured flavour space for each respective
source composition (see Section 4.2.5 for more). The 68% and 90% credibility intervals
(C.I.) are shown as the grey shaded regions for the astrophysical neutrino data set under
analysis here (see Section 4.2.1 for more).
0.0
0.2
0.4
0.6
0.8
1.0
1.0
0.8
0.6
0.4
0.2
0.0
0.0 0.2 0.4 0.6 0.8 1.0
ν
µ
fraction
(f
µ
,⊕ )ν
τ
fr
ac
ti
on
(f
τ,
⊕
)
νe fraction (fe,⊕)
Source composition
(1 : 2 : 0)S
(0 : 1 : 0)S
(1 : 0 : 0)S
68%
90%
IceCube Preliminary
Figure 4.3: Unitary bounds of astrophysical neutrino flavours for three source flavour composi-
tions indicated by the filled shapes [145]. Coloured points represent the posterior
probability density for each respective source flavour composition [146]. Flavour
composition 68% and 90% credibility intervals from IceCube HESE 7.5yr are shown
as the grey-shaded regions.
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This analysis will focus on obtaining limits for two textures of the new physics mixing
matrix Ũd, chosen such that they result in measured flavour compositions lying in the
region that is excluded by the data C.I. This maximises the sensitivity to new physics, as
is the spirit in similar new physics searches [68]. The elements of the new physics mixing
matrix Ũd are parameterised in the standard way as three mixing angles θ̃ij, d and a phase
δ̃d (see Equation 1.15 for full definition). This analysis has no sensitivity to the phase
therefore it is fixed to 0. Then, the first texture Oeτ takes the form such that it maximises
mixing between ve and vτ :
θ̃ij, d =



π/4 ∈ θ̃13, d
0 otherwise
=⇒ Ũd = Oeτ ≡


1√
2
0 1√
2
0 1 0
− 1√
2
0 1√
2

+ 0 i (4.6)
In terms of the measured flavour ratio, this texture has the effect of averaging out the
compositions of the ve fraction and vτ fraction. For example, a source composition of
(1 : 2 : 0)S with mixing described by this texture Oeτ would result in a measured flavour
composition of (1 : 2 : 1)⊕. Another example is (0 : 1 : 0)S
Oeτ−−→ (0 : 1 : 0)⊕, in which no
mixing occurs as the flux at the source is entirely composed of vµ. Notably, this example
demonstrates a measured flavour composition that is not contained within the data C.I.
The second texture Oµτ , takes the form such it maximises mixing between vµ and vτ :
θ̃ij, d =



π/4 ∈ θ̃23, d
0 otherwise
=⇒ Ũd = Oµτ ≡


1 0 0
0 1√
2
1√
2
0 − 1√
2
1√
2

+ 0 i (4.7)
This averages the measured composition of vµ and vτ such that, for example,
(1 : 2 : 0)S
Oµτ−−→ (1 : 1 : 1)⊕ or (1 : 0 : 0)S
Oµτ−−→ (1 : 0 : 0)⊕. Notably, the latter example
again demonstrates a measured composition not contained inside the data C.I.
The most general approach that could be taken here is to treat the elements in Ũd as
nuisance parameters, allowing it to take on any form or texture. This would give measured
compositions bound only by unitarity as shown in Figure 4.3. However, limits are not
able to be obtained in such a case as the accessible phase space overlaps considerably with
the data C.I. therefore experimental sensitivity is lost. This will be discussed further in
Section 4.3.
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4.2 Analysis Method
4.2.1 Data selection
In 2012, the discovery of a diffuse astrophysical neutrino flux was reported by IceCube
using the High-Energy Starting Events (HESE) event selection [56]. The HESE event
selection provides a high-purity all-flavour astrophysical neutrino data set. This analysis
uses the newest iteration of HESE, extracted from 7.5 years of IceCube data taking [147].
102 events are observed over 2635 days with 60 events above 60 TeV in deposited energy.
A short summary will be given here but for more details see References [38, 147–151].
This event selection attempts to isolate astrophysical neutrinos by reducing the atmospheric
background. The outer parts of the IceCube array are used as a simple anti-coincidence
muon veto, requiring fewer than 3 of the first 250 photo-electrons (PE) to be on the detector
boundary within a 3 µs window. This veto mechanism is demonstrated in Figure 4.4.
Additionally, to ensure sufficient PE deposition for a reliable veto, only events which deposit
at least 6,000 PE in the detector are selected, corresponding to deposited energies of
approximately 30 TeV. This technique provides a high-purity sample of very-high-energy
astrophysical neutrinos of all flavours, from which a measurement of the flavour composition
can be made and will be used in this analysis to search for new physics in the propagation
as described in the previous section.
Figure 4.4: Demonstration of the HESE veto. Outer layers of the IceCube array act as an active
veto against atmospheric backgrounds as shown on the left. Only events which do
not trigger the veto are selected as shown on the right [152].
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IceCube Preliminary
Figure 4.5: The distribution of events in reconstructed deposited energy shown as crosses, com-
pared to the best-fit expectation distributions for a given flux component. The
events below 60 TeV (light blue) are ignored in the fit [147].
IceCube Preliminary
Figure 4.6: The distribution of events above 60 TeV in the cosine of the reconstructed zenith
angle cos(θz) shown as crosses, compared to the best-fit expectation distributions
for a given flux component [147].
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To reconstruct events, three separate event signature hypotheses are considered: track,
cascade, and double-cascade [57, 148]. These signatures along with the energy and an-
gular reconstruction algorithms are described in Sections 2.2 and 3.2.1. Each event is
assigned a signature according to the classification algorithm described in Reference [153],
which finds the signature that best describes the event. This method produces a high
purity selection of tau neutrinos in the double-cascade category, and discriminates well
between true cascades and tracks. Then a final cut is placed selecting only events with
deposited energies above 60 TeV, resulting in 60 events classified as 42 cascades, 16 tracks
and 2 double-cascades. The deposited energy and cosine zenith distributions are shown
in Figures 4.5 and 4.6. Here, the astrophysical component is shown in yellow along with
the atmospheric backgrounds which are comprised of contributions from conventional at-
mospheric neutrinos shown in red and cosmic ray induced muons shown in purple. The
flavour measurement is performed with binning defined separately for tracks and cascades
versus double-cascades. For tracks and cascades, 10 bins in cos(θz) from −1.0 (upgoing)
to 1.0 (downgoing), 20 bins in log(Edeposited) are used from 60 TeV to 10 PeV, and for
double-cascades 10 bins in log(Lreco) from 10 m to 100 m and 20 bins in log(Edeposited) are
used again from 60 TeV to 10 PeV, where θz is the reconstructed zenith angle, Edeposited is
the reconstructed deposited energy, and Lreco is the reconstructed distance between energy
depositions for double cascade signatures.
4.2.2 Simulation
In this analysis, the expected number of events in each bin given some incoming neutrino
model Φneutrinoα - for the six neutrino species - and cosmic induced muon model Φmuon
is computed using a Monte Carlo (MC) simulation of the full detector geometry [154].
Neutrino events and muon events are simulated separately. The HESE event selection is
applied to the simulated MC and an expectation in analysis space is produced, which can
then be compared to the data. Direct simulation however is impractical as most neutrinos
pass through the detector without interacting. The reweighting technique resolves this,
as well as allowing for the flexibility of changing model parameters without an entire
resimulation. MC events are generated assuming a generic flux model Φneutrinoα, 0 , Φmuon0 and
are then forced to interact somewhere in the detector volume. The MC simulation can
then be tailored to other flux models Φneutrinoα , Φmuon by assigning a weight wi to each MC
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event i:
wi =



wneutrinoi = w
astro
i + w
conv
i + w
prompt
i for neutrinos
wmuoni for muons
(4.8)
wneutrinoi = Pint ·
(
Φastro
Φastro0
+
Φconv
Φconv0
+
Φprompt
Φprompt0
)
α
· tdata
tvMC
(4.9)
wmuoni = Pint ·
Φmuon
Φmuon0
· tdata
tµMC
(4.10)
where Pint is the probability for the event to occur, essentially a convolution of the inter-
action cross-section and the detector efficiencies. Here, the CSMS calculation [46] for the
neutrino cross-section and the PREM model is used to account for Earth absorption (see
Sections 1.4.1 and 3.2.2). The second term is the ratio between the flux model of interest
and the neutrino flux of MC generation. The final term is the ratio of the livetime of the
data with respect to the MC livetime equivalent. The expectation using the flux model of
interest can be obtained by simply binning in analysis space with each event carrying a
weight wi. In this way, the effects of new physics can be probed as a modification of the
measured flavour composition Φastroα (Ev)→ f (d)α,⊕ · Φastroα (Ev), see Section 4.1.2.
The astrophysical flux Φastroα is modelled as a power law with normalisation and spectral
index ∼ΦαE−γ for each neutrino species. The atmospheric neutrino background is split
into two contributions: conventional and prompt, see Section 1.3.1 for details. For the
conventional and prompt neutrino fluxes, the Honda et al. model [155] and the BERSS
model [156] are used, respectively. A dedicated simulation is performed for muons [157] and
then weighted by the air shower simulation package corsika [158]. Due to uncertainties
in the muon yield of cosmic ray air showers, a data-based prior is used to constrain its
normalisation and only shape information is used from the simulation.
Figure 4.7 shows the effect of new physics on the astrophysical neutrino flavour for the
dimension six operator. Here, points are sampled for two scenarios: (0 : 1 : 0)S with a Oeτ
texture, and (1 : 0 : 0)S with a Oµτ texture. The value of the new physics scale Λ−16 is
represented by the colour of the points, with axes shown below normalised to the Planck
mass. Standard mixing values are allowed to float inside the bounds given by global data
fits [23] (see Table 1.1). For these two scenarios, the effect of new physics pushes the
measured composition outside of the data C.I. giving power to reject such models.
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Figure 4.7: Effect of new physics on the astrophysical neutrino flavour for the dimension six
operator. For a source composition of (0 : 1 : 0)S with a Oeτ texture, as the new
physics scale Λ−16 becomes large, the observed flavour composition tends to the vµ
corner. For a source composition of (1 : 0 : 0)S with a Oµτ texture, as the new
physics scale Λ−16 becomes large, the observed flavour composition tends to the ve
corner. Credibility intervals at 68% and 90% for the HESE 7.5yr are shown in grey.
The hatched area shows the region in which all standard astrophysical models live.
The grey shaded area shows the region accessible by new physics phenomena studied
here, with the red shaded area restricting only to consider a source composition of
(1 : 2 : 0)S [145].
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4.2.3 Systematics
The dominant systematic uncertainties in this analysis are related to the astrophysical
neutrino flux, however it should be mentioned that the limitation of this analysis is in the
low statistics of astrophysical neutrino events1. Nevertheless, the uncertainties concerning
the neutrino flux predictions must be taken into account. This is done in a very similar
manner to that applied for the atmospheric LV search, see Section 3.2.3. A description
of the parameters used to quantify this uncertainty will be introduced and discussed here
which will then define the nuisance parameters of this analysis.
The systematic uncertainties of this data set have been studied in great detail over the last
years for the characterisation of the diffuse astrophysical neutrino flux [38, 147, 148]. A
similar approach will be taken here as in these analyses for the estimation of the systematic
impact of the neutrino and muon flux models. The atmospheric neutrino flux can be written
as:
Φatmα = Nconv · Φconvα +Nprompt · Φpromptα (4.11)
where Φconvα is the conventional neutrino flux and Φ
prompt
α is the prompt neutrinos flux.
These components are discussed in detail in Section 1.3.1. The two systematic parameters
introduced are the overall conventional flux normalisation Nconv and the overall prompt
flux normalisation Nprompt. Note in the atmospheric LV search in Section 3.2.3, additional
systematic parameters related to the cosmic ray spectral uncertainty and ratio of pions
to kaons in the conventional flux were also used; however, the role of the atmospheric
neutrino flux in this analysis is sub-leading therefore the normalisations introduced above
are sufficient. As motivated in that section, following from Reference [96], a 40% Gaussian
prior is imposed for Nconv with a lower bound of 0.1. A weak Gaussian prior centered at a
value of 0 with an error of 2.4 BERS units [156] is used for Nprompt to prevent large tails
extending to non-physical values, as was done in the Bayesian approach of the atmospheric
LV search, see Section 3.3.1. The cosmic induced muon flux can be written as:
Φmuon = Nmuon · φmuon (4.12)
1The ignorance of the source production mechanism is another significant limitation for a more general
new physics search, and for this analysis the source composition will be fixed to certain best case scenarios,
see Section 4.1.3.
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Here an overall normalisation systematic parameter Nmuon is introduced. A data based
prior is used to constrain Nmuon [147, 156]. A Gaussian prior with a central value of 1 and
a width of 0.5 is used. Figures 4.8a-c demonstrate the effect of the atmospheric neutrino
flux and cosmic induced muon systematic parameters in the deposited energy.
The astrophysical neutrino flux model uncertainties have the most impact on this analysis
and can be written as:
Φastroα = Nastro · φastroα ·
(
Eα
100 TeV
)−γastro
(4.13)
where φastroα is the astrophysical neutrino flux normalisation, Nastro is an overall normal-
isation systematic parameter, and γastro is the astrophysical neutrino spectral index. As
per conventions, the pivot is chosen here to be at 100 TeV. In this analysis, we assume
ignorance on both the normalisation and spectral index, and only require that the normal-
isation never go below 0. Figures 4.8d-e demonstrate the effect of these two systematic
parameters in the deposited energy.
Beyond the systematic parameters of the data set, the new physics model used here is
also affected by the uncertainties in the standard neutrino mixing matrix U . Therefore
the standard mixing angles and phase θ12, θ23, θ13, δ and the two mass differences ∆m221,
∆m231 are treated as systematic parameters. Global data fits [23] guide the priors chosen
for these systematic parameters, as outlined in Table 1.1. The ordering chosen is normal;
however, this analysis is not sensitive to this choice. Gaussian priors are used for each of
these parameters in a particular representation chosen to ensure unbiased sampling in the
elements of the mixing matrix, as will be discussed in Section 4.2.5.
Also to consider are detector and ice related uncertainties; however, they are seen to be
small effects at the TeV-PeV energy range of concern here compared to the astrophysical
flux and statistical uncertainties. Table 4.1 summarises the eleven systematic parameters
used in this analysis, along with the priors for the parameter of interest Λ−1d .
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Figure 4.8: Effect of the flux related systematic parameters used in this analysis on the event
distribution in deposited energy. Black (solid) histogram shows the baseline expecta-
tion, blue (dashed) shows an upward fluctuation and red (dotted) shows a downward
fluctuation. Note the peak seen at ∼ 6 PeV is due to the Glashow resonance [159].
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Parameter Symbol Prior
New physics scale dimension 3 Λ−13 [GeV] Flat: 10
−32 → 10−20
New physics scale dimension 4 Λ−14 Flat: 10
−40 → 10−24
New physics scale dimension 5 Λ−15
[
GeV−1
]
Flat: 10−48 → 10−27
New physics scale dimension 6 Λ−16
[
GeV−2
]
Flat: 10−56 → 10−30
New physics scale dimension 7 Λ−17
[
GeV−3
]
Flat: 10−64 → 10−33
New physics scale dimension 8 Λ−18
[
GeV−4
]
Flat: 10−72 → 10−36
Conventional flux normalisation Nconv Gaussian: 1± 40% ∈ 0.1→ 10
Prompt flux normalisation Nprompt Gaussian: 0± 2.4 BERS ∈ 0→ 20
Muon flux normalisation Nmuon Gaussian: 1± 0.5 ∈ 0→ 10
Astrophysical flux normalisation Nastro Flat: 0→ 20
Astrophysical spectral index γastro Flat: −5.0→ 5.0
Mixing angle sin2 θ12 sin2 θ12 Gaussian: 0.307± 0.013 ∈ 0→ 1
Mixing angle cos4 θ13 cos4 θ13 Gaussian: 0.95637± 0.00147 ∈ 0→ 1
Mixing angle sin2 θ23 sin2 θ23 Gaussian: 0.538± 0.069 ∈ 0→ 1
Mixing phase δ Flat: 0→ 2π
Small mass splitting ∆m221
[
10−5 eV2
]
Gaussian: 7.40± 0.21 ∈ 6.80→ 8.02
Large mass splitting ∆m231
[
10−3 eV2
]
Gaussian: 2.494± 0.033 ∈ 2.399→ 2.593
Table 4.1: Parameters used in this analysis, showing the prior imposed on each parameter.
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4.2.4 Statistics
A Bayesian approach will be taken in this analysis for making inferences. Techniques here
follow directly from the discussions in Sections 3.2.4-3.2.6. In this analysis, Monte Carlo
(MC) techniques have been used in order to simulate the detector response, however it is
computationally intensive and in some cases, the stochastic fluctuations in the simulation
can bias inferences drawn from the data. Therefore, in order to take into account potential
large MC statistical uncertainties that can exist in some bins n = (ni, . . . , nN ), this analysis
uses a modified Poisson likelihood function, Leff (θ|n), that accounts for MC statistical
uncertainties [160]:
Leff (θ|n) =
N∏
i=1
(
µi (θ)
σ2i (θ)
)µ2i (θ)
σ2
i
(θ)
+1
Γ
(
ni +
µ2i (θ)
σ2i (θ)
+ 1
)
ni!
(
1 +
µi (θ)
σ2i (θ)
)ni+µ
2
i (θ)
σ2
i
(θ)
+1
Γ
(
µ2i (θ)
σ2i (θ)
+ 1
)

−1
(4.14)
where µi (θ) ≡
∑M
j=1wj,i (θ) and σ
2
i (θ) ≡
∑M
j=1w
2
j,i (θ) with M being the number of MC
events generated in bin i and wj,i (θ) being the MC weight of the jth generated event in bin i
(see Section 4.2.2). For more details on this likelihood prescription see Reference [160].
4.2.5 Anarchic sampling
In order to compute posterior distributions and evidences, MCMC sampling algorithms
will be utilised, as discussed in detail in Sections 3.2.6 and 3.3.2. As with any Bayesian
based inference, the prior distribution used for a given parameter needs to be chosen
carefully. In this analysis, a further technology needs to be introduced in order to ensure
the prior distribution is not biasing any drawn inferences. More specifically, the priors on
the standard model mixing parameters are of concern. These parameters are defined in
Equation 1.15 as a representation of the 3×3 unitary mixing matrix U , in such a way that
any valid combination of the mixing angles can be mapped into a unitary matrix. The ideal
and most ignorant choice of prior here is one in which there is no distinction among the
three neutrino flavours, compatible with the hypothesis of neutrino mixing anarchy, which
is the hypothesis that U can be described as a result of random draws from an unbiased
distribution of unitary 3×3 matrices [146, 161–163]. Simply using a flat prior on the mixing
angles however, does not mean that the prior on the elements of U is also flat. Indeed doing
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this would introduce a significant bias for the elements of U . Statistical techniques used in
the study of neutrino mixing anarchy will be borrowed in order to ensure that U is sampled
in an unbiased way. Here, the anarchy hypothesis requires the probability measure of the
neutrino mixing matrix to be invariant under changes of basis for the three generations.
This is the central assumption of basis independence and from this, distributions over the
mixing angles are determined by the integration invariant Haar measure [162]. For the
group U(3) the Haar measure is given by the volume element dU , which can be written
using the mixing angles parameterisation as given in Equation 1.15:
dU = d
(
sin2 θ12
)
∧ d
(
cos4 θ13
)
∧ d
(
sin2 θ23
)
∧ dδ (4.15)
which says that the Haar measure for the group U(3) is flat in sin2 θ12, cos4 θ13, sin2 θ23 and
δ. Therefore, in order to ensure the distribution over the mixing matrix U is unbiased, the
prior on the mixing angles must be chosen according to this Haar measure, i.e. in sin2 θ12,
cos4 θ13, sin2 θ23 and δ. Figure 4.3 shows an example of this in action. The posterior
distribution of the measured flavour composition is displayed by the coloured points for
a given source composition. Here a flat prior distribution according to the Haar measure
variables for the mixing angles is used, therefore it can be seen that under the neutrino
mixing anarchy hypothesis, the posterior probability naturally peaks at the democratic
composition of (1 : 1 : 1)⊕. In this analysis, global data fits [23] will be used as priors for
the mixing angles in the space as defined by the Haar measure (see Table 4.1).
Also to note, but not used directly in this analysis, is the case of a flavour composition
measurement using sampling techniques in a Bayesian approach. In this case, the posterior
of the measured composition fα,⊕ is sampled over as the parameters of interest. Here, the
effective number of parameters can be reduced from three to two due to the requirement
∑
α fα,⊕ = 1. Therefore, the prior on these two parameters must be determined by Haar
measure of the flavour composition volume element, dfe,⊕ ∧ dfµ,⊕ ∧ dfτ,⊕. The following
flavour angles parameterisation is found to be sufficient:
fα,⊕ =


fe,⊕
fµ,⊕
fτ,⊕

 =


sin2 φ⊕ cos
2 ψ⊕
sin2 φ⊕ sin
2 ψ⊕
cos2 φ⊕

 (4.16)
dfe,⊕ ∧ dfµ,⊕ ∧ dfτ,⊕ = d
(
sin4 φ⊕
)
∧ d (cos (2ψ⊕)) (4.17)
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4.3 Results
The search for new physics effects manifesting in the astrophysical neutrino flavour com-
position is carried out for the first time using an effective Hamiltonian approach motivated
by the Standard Model Extension as described in Section 4.1. As with other searches of
this type (see Chapter 3) the limits will be maximised, here by assuming a certain source
composition as well as a certain new physics texture. For each dimension of new physics,
d = 3, 4, 5, 6, 7, 8, source compositions in the set (x : 1−x : 0)S, corresponding to standard
astrophysical production mechanisms, are assumed, with new physics textures of the type
Oeτ and Oµτ , as described in Section 4.1.3.
A Bayesian statistical approach is used, in which the evidence of the null hypothesis of
no new physics is compared to the evidence of a non-zero new physics contribution using
the Bayes factor statistic, B0/1, as described in Sections 3.2.5 and 3.2.6, with priors as
defined in Table 4.1. This is computed using the MultiNest nested sampling algorithm
MCMC [115] as a function of the new physics scale Λ−1d for each scenario discussed above,
after which an exclusion region is obtained using Jeffreys’ scale (Table 3.2) at a strong
strength-of-evidence for the null hypothesis B0/1
(
Λ−1d
)
> 10.
The result for the dimension-six operator is shown in Figure 4.9 with a comparison to the
atmospheric LV limits as described in Chapter 3. Results for the other dimension operators
can be seen in Appendix A.3. Exclusion regions can be drawn for source compositions at
both the (0 : 1 : 0)S and (1 : 0 : 0)S edges for the new physics textures Oeτ and Oµτ . Note
that the new physics texture Oeµ, representing maximum ve ↔ vµ mixing, was also tested;
however, no limits could be made. With reference to Figure 4.7, these exclusion regions can
be seen to correspond to measured flavour compositions which fall outside of the credibility
interval from the data. Notably, the standard (1 : 2 : 0)S pion-decay source composition
does not have any attainable limits in this analysis as the measured composition does not
fall outside of the credibility interval for any value of the new physics scale, as shown in
Figure 4.7 as the red shaded region.
A summary of the obtained limits across all dimensions is shown in Figure 4.10 and Ta-
ble 4.2 for scenarios with a source composition of (0 : 1 : 0)S and (1 : 0 : 0)S, and a texture
of Oeτ and Oµτ , respectively, representing the best-case limits that can be obtained.
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Figure 4.9: Exclusion regions for the dimension-six new physics operator. Limits are obtained for
the new physics scale (vertical axis) as a function of the source flavour composition
(horizontal axis) for certain new physics flavour textures. Green and blue shaded
regions are excluded with a strong strength-of-evidence for the null hypothesis (Bayes
factor, B0/1 > 10) according to Jeffreys’ scale [101]. New physics scale is shown
normalised to the Planck scale expectation, with the purple line indicating the point
below which Planck scale physics is being probed. The hashed region shows the
previous IceCube limit [72].
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Figure 4.10: Exclusion limits obtained for the new physics scale (horizontal axis) for dimension-
three to dimension-eight new physics operators. Limits are obtained for each di-
mension (left vertical axis) corresponding to certain assumptions on the source
flavour composition and also on the new physics flavour texture (right vertical axis).
Green and blue shaded regions are excluded with a strong strength-of-evidence for
the null hypothesis (Bayes factor, B0/1 > 10) according to Jeffreys’ scale [101].
The purple line indicates the point at which Planck scale physics is being probed.
The hashed region shows the previous IceCube limit [72].
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Dimension Method Type Sector Limits Reference
3 CMB polarization astrophysical photon ∼ 10−43 GeV [78]
He-Xe comagnetometer tabletop neutron ∼ 10−34 GeV [82]
torsion pendulum tabletop electron ∼ 10−31 GeV [84]
muon g-2 accelerator muon ∼ 10−24 GeV [85]
neutrino oscillation atmospheric neutrino |Re(◦a(3)µτ )|, | Im(◦a(3)µτ )| < 2.9× 10
−24 GeV (99% CL)
< 2.0× 10−24 GeV (90% CL) [72]
neutrino mixing astrophysical neutrino ∼ 10−26 GeV this work
4 GRB vacuum birefringence astrophysical photon ∼ 10−38 [79]
Laser interferometer LIGO photon ∼ 10−22 [80]
Sapphire cavity oscillator tabletop photon ∼ 10−18 [77]
Ne-Rb-K comagnetometer tabletop neutron ∼ 10−29 [83]
trapped Ca+ ion tabletop electron ∼ 10−19 [86]
neutrino oscillation atmospheric neutrino |Re(◦c(4)µτ )|, | Im(◦c(4)µτ )| < 3.9× 10
−28 (99% CL)
< 2.7× 10−28 (90% CL) [72]
neutrino mixing astrophysical neutrino ∼ 10−33 this work
5 GRB vacuum birefringence astrophysical photon ∼ 10−34 GeV−1 [79]
ultra-high-energy cosmic ray astrophysical proton ∼ 10−22 to 10−18 GeV−1 [81]
neutrino oscillation atmospheric neutrino |Re(◦a(5)µτ )|, | Im(◦a(5)µτ )| < 2.3× 10
−32 GeV−1 (99% CL)
< 1.5× 10−32 GeV−1 (90% CL) [72]
neutrino mixing astrophysical neutrino ∼ 10−40 GeV−1 this work
6 GRB vacuum birefringence astrophysical photon ∼ 10−31 GeV−2 [79]
ultra-high-energy cosmic ray astrophysical proton ∼ 10−42 to 10−35 GeV−2 [81]
gravitational Cherenkov radiation astrophysical gravity ∼ 10−31 GeV−2 [87]
neutrino oscillation atmospheric neutrino |Re(◦c(6)µτ )|, | Im(◦c(6)µτ )| < 1.5× 10
−36 GeV−2 (99% CL)
< 9.1× 10−37 GeV−2 (90% CL) [72]
neutrino mixing astrophysical neutrino ∼ 10−46 GeV−2 this work
7 GRB vacuum birefringence astrophysical photon ∼ 10−28 GeV−3 [79]
neutrino oscillation atmospheric neutrino |Re(◦a(7)µτ )|, | Im(◦a(7)µτ )| < 8.3× 10
−41 GeV−3 (99% CL)
< 3.6× 10−41 GeV−3 (90% CL) [72]
neutrino mixing astrophysical neutrino ∼ 10−53 GeV−3 this work
8 gravitational Cherenkov radiation astrophysical gravity ∼ 10−46 GeV−4 [87]
neutrino oscillation atmospheric neutrino |Re(◦c(8)µτ )|, | Im(◦c(8)µτ )| < 5.2× 10
−45 GeV−4 (99% CL)
< 1.4× 10−45 GeV−4 (90% CL) [72]
neutrino mixing astrophysical neutrino ∼ 10−59 GeV−4 this work
Table 4.2: Comparison of attainable best limits of SME operators in various fields. Note, astrophysical neutrino limits are applied
under the assumption of a produced neutrino flavour composition of either (0 : 1 : 0)S or (1 : 0 : 0)S at the source.
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4.3.1 Discussion
The limits obtained in this analysis demonstrate the capability of using very-high-energy
astrophysical neutrinos to probe for new effects. For the dimension-three and -four op-
erators, the searches are conducted using mainly photons [77, 80], nucleons [82, 83] and
charged leptons [84–86]. Going beyond terrestrial experiments, limits arising from astro-
physical observations provide strong constraints [78, 79]. The result from this analysis
uses neutrinos from the astrophysical sector for the first time. By using very-high-energy
neutrinos of up to PeV energies, the limits obtained have the potential to surpass all limits
coming from the neutrino sector [72, 107, 109, 110], see Chapter 3.
Searches of dimension-five and higher SME operators are dominated by astrophysical ob-
servations [79, 81, 87]. Among these, this analysis has the potential to probe new regions
across all fields for all operators and notably, is able to explore the Planck scale regime
for the dimension-six operator. Such high-dimension operators are generic signatures of
new physics [113]. For example, the dimension-five operator is an attractive possibility to
produce neutrino masses, and dimension-six operators represent new physics interactions
that can, for example, mediate proton decay.
However, in contrast to other searches such as the atmospheric LV search in Chapter 3 in
which limits could be attained in an unambiguous way, the limits here represent certain
restricted scenarios of the source composition and new physics texture. This limitation is
a consequence of the relatively unconstrained flavour measurement as shown by the credi-
bility intervals in Figure 4.7, which notably envelop the accessible region for the standard
astrophysical source composition of (1 : 2 : 0)S. In time and with the IceCube-Upgrade, im-
provements to this measurement through more data and better calibration which improves
the reconstruction algorithms, particularly with respect to particle identification between
the ve and vτ initiated events, this analysis shows promise in being able to maintain the
strong limits obtained in a more unambiguous way across all standard astrophysical source
compositions. With that said, this analysis shows for the first time, the potential of astro-
physical neutrinos in the search for new physics beyond the standard model and general
relativity.
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4.3.2 Other checks
The landscape of the Bayes factor test statistic as used to define the exclusion region
can be looked at more closely as is done in Figure 4.11. This is shown for two scenarios
(0 : 1 : 0)S with an Oeτ texture and (1 : 0 : 0)S with an Oµτ texture in green and in blue,
respectively. A value of one for the Bayes factor corresponds to perfect agreement with
the null hypothesis, where the evidence of the hypothesis is equal to the evidence of the
null. This is true for values of the new physics scale which are small Λ−16 ∼ 10−55 GeV−2.
As the new physics scale increases so too does the Bayes factor, indicating that the null
hypothesis is more favoured than this hypothesis. As the values of the new physics scale
become large in comparison to the standard mass matrix Λd  Ed−2/M2, the standard
mixings have little effect and mixing is instead dominated by the new physics mixing
matrix. For the two scenarios shown on the plot this correspond to measured flavour
compositions of (0 : 1 : 0)S
Oeτ−−→ (0 : 1 : 0)⊕ and (1 : 0 : 0)S
Oµτ−−→ (0 : 1 : 0)⊕, respectively.
Finally to note, the scenario (0 : 1 : 0)S with an Oeτ texture, while setting a similar limit
as (1 : 0 : 0)S with an Oµτ texture, the Bayes factor for large values of the new physics
scale is much larger. This is due to the much better particle identification of vµ events,
as they are the only neutrino flavour that can initiate muon tracks in the detector (see
Section 2.2).
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Figure 4.11: Bayes factor B0/1 for two scenarios, shown as a function of the new physics scale
for the dimension-six operator. Excluded region is defined with a strong strength-
of-evidence for the null hypothesis according to Jeffreys’ scale [101], B0/1 > 10, as
indicated by the dashed horizontal line.
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In order to visualise the correlations between the various nuisance parameters (see Ta-
ble 4.1), the posterior can be computed in full using the affine invariant MCMC algorithm
package emcee [114], as is described in Section 3.2.6 and also employed in Section 3.3.2.
The joint distribution over any two parameters can then be shown in order to under-
stand correlations between any two parameters. Figures 4.12 and 4.13 show this for the
dimension-six operator. The two scenarios shown here are for a source composition of
(0 : 1 : 0)S with texture Oeτ and source composition of (1 : 0 : 0)S with texture Oµτ . Here,
the non-diagonal plots show joint distributions between two parameters, labelled on the x-
and y-axis and the diagonal plots show the marginalised distributions for each parameter,
as labelled on the x-axis. The blue (light blue) shows the 90% (99%) credibility intervals.
In addition to this, the posterior distribution of a standard flavour composition measure-
ment with no new physics effects can be viewed. The flavour composition is written in
terms of the two flavour angles sin4 φ⊕, cos(2ψ⊕) as in Equation 4.17, derived from the
Haar measure of the flavour composition volume element dfe,⊕ ∧ dfµ,⊕ ∧ dfτ,⊕. This en-
sures that the prior on the flavour composition makes no distinction between any neutrino
flavour, which will be flat in sin4 φ⊕, cos(2ψ⊕) with ranges 0→ 1 and −1→ 1, respectively.
Nuisance parameter priors are kept the same as shown in Table 4.1. Figure 4.14 shows
the joint posterior distributions between any two parameters, either nuisance or measured
flavour angle, in which the blue (light blue) shows the 90% (99%) credibility intervals. It is
by marginalising over the nuisance parameters and translating back into flavour fractions
that the data credibility interval contours as shown in Figures 4.3 and 4.7 are computed.
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Figure 4.12: Joint posterior distributions for the various nuisance parameters and the new
physics scale for the dimension-six operator here with a source composition
(0 : 1 : 0)S and texture Oeτ .
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Figure 4.13: Joint posterior distributions for the various nuisance parameters and the new
physics scale for the dimension-six operator here with a source composition
(1 : 0 : 0)S and texture Oµτ .
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4.3.3 Conclusion
The analysis carried out here presents for the first time a test of new physics with very-high-
energy astrophysical neutrino flavour data taken at IceCube. The new physics mechanism
is modelled under the effective Hamiltonian formalism motivated by the SME. No evidence
of new physics was found; however, this analysis demonstrates the potential in searching for
new physics using the astrophysical neutrino flavour measurements. Although the current
statistics and detector sensitivity allows for searches for only rather special new physics
effects, it is demonstrated that the sensitivity of this new approach goes far beyond any
known technologies, and reaches for the first time the necessary precision to look for new
physics within the Planck scale expectation.
Future extensions of IceCube such as the IceCube-Upgrade and IceCube-Gen2 [59, 164]
have the ability to greatly improve the measurement of the astrophysical neutrino flavour.
With more statistics and better calibration, this analysis shows promise in being able to
investigate Planck scale physics at an unprecedented level, providing IceCube with a real
discovery potential in the search for new physics beyond the standard model and general
relativity.
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5 IceCube DOM Beam Test at the
Fermilab Test Beam Facility
The next generation IceCube-Upgrade (see Section 2.3) will enhance the physics potential
of IceCube at both the high and low energy regimes. At the high energies, enhanced
calibration equipment will provide the tools to greatly improve reconstruction algorithms
and at lower energies, the denser array and improved optical modules will allow for a more
precise measurement of the neutrino mixing parameters using atmopsherically produced
neutrinos.
Although the energy threshold of DeepCore and the IceCube-Upgrade is much lower than
the full IceCube array, the nearest DOMs are still spaced ∼ 7m apart which, when com-
pared to other water Cherenkov detectors such as Super-Kamiokande [13], is still very
sparse. As a consequence, the number of PMTs which detect photo-electrons (PMT hits)
in each event is relatively low, which is a problem since it is very difficult to perform any
particle identification (PID) with just a few PMT hits. This has prompted the develop-
ment of the multi-PMT DOM (mDOM) [63] and the Dual optical sensors in an Ellipsoid
Glass for Gen2 (DEgg) [62] for the IceCube-Upgrade, so that more PMT hits can be col-
lected per interaction [164]. Currently at these energies, high level parameters such as the
reconstructed track length are used as a discriminator to do some basic PID [165], where
the charge distributions get fed into the reconstruction algorithms.
Alternatively, here, the pulse shape information is used to perform PID. Such low level PMT
information is currently unused; however, given a sufficient deposited PE yield, the pulse
shape shares characteristics of the parent particle. More specifically, minimally ionizing
particles (MIPs, see Section 1.4.2) tend to deposit photons in a short amount of time,
whereas electromagnetic showers (EM showers) produce a photon spectrum with a wider
distribution. At the energy range of interest here at a few GeV, the particle content of MIPs
corresponds to muons and pions, and EM showers comprise of electrons and high-energy
photons.
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For this IceCube DOM beam test at the Fermilab Test Beam Facility, a tank filled with
distilled water is utilised, upon which a PMT in a glass housing is floating, observing
Cherenkov light inside the tank. Pulse shape information is studied as a discriminator
that can be used for PID between MIPs and EM showers in the context of future water or
ice Cherenkov neutrino telescope experiments.
5.1 The Fermilab Test Beam Facility
5.1.1 FTBF MTest beam line
The Fermilab Test Beam Facility (FTBF) at the Fermi National Accelerator Laboratory
(FNAL) [166] provides researchers with open access to high-energy and high intensity beam
lines. Two beam lines are available for use: the MTest beam line and the MCenter beam
line. For the beam test discussed in this chapter the MTest beam line was used, as this
is the beam line that is appropriate for short term experiments. At the end of this beam
line, there is a wide area to place experiment-specific instrumentation. For this beam test,
the beam time allocated was from 14th June to 27th June 2017 [167].
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Figure 5.1: Schematic diagram of the beam preparation of the MTest beam at the FTBF [166].
120 GeV protons are extracted from the Main Injector and through the SY120
switchyard they are directed to form the MTest and MCenter primary beam lines.
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5.1.2 FTBF beam structure
The primary beam which is supplied to the FTBF comprises of protons which are extracted
from the Main Injector (120 GeV proton synchrotron). This beam is structured into radio
frequency (RF) buckets at a frequency of 53 MHz, with a spill duration of 4.2 seconds every
minute. The intensity of the beam is tunable with a maximum intensity of 5×105 protons
per spill. A schematic diagram of the primary beam preparation is shown in Figure 5.1.
The primary beam can be collided into two movable aluminium block targets (MT1 and
MT4) to create secondary beams with energies as low as ∼ 2 GeV, consisting of pions,
muons and/or electrons. More precise tuning of the beam is available in the form of three
sets of focusing magnets, two dipole magnets for selecting momenta, five trim/vernier
magnets for small corrections to the beam trajectory and four collimators. In general, the
uncertainty on the upstream energy of the beam is between 2-3%, however energy loss can
occur as a particle propagates through the various instrumentation [166, 168].
5.1.3 FTBF instrumentation
The FTBF provides multiple types of beam detector instrumentation for tracking, particle
identification and triggering. A schematic of the MTest beam line is shown in Figure 5.2.
For this beam test, the scintillation counters, Cherenkov detectors and wire chambers were
used. The scintillation counters consist of a square plastic scintillator paddle connected
to a PMT. There are a total of four such scintillation counters, three of them having a
scintillator surface area of 4′′× 4′′ (labelled SC1, SC2 and SC3) and one having an area of
1′′ × 1′′ (labelled SC4). There are two Cherenkov counters at MTest, one being upstream
(labelled CC1) and another downstream (labelled CC2). These counters consist of 80′′
and 50′′ pressure tanks respectively, each filled with nitrogen gas as the radiative medium.
These can each be utilised to enable PID based on the particle mass, by altering the gas
pressure in the tanks. There are also four Multi-Wire Proportional Chamber (MWPC)
tracking systems, located in the MTest area. Note, that the second most upstream one
(MWPC2) was malfunctioning and thus was not used. Each system consists of a two-
plane (X,Y) 5.2′′ × 5.2′′ wire chamber filled with argon/isobutane gas. With this, the
spatial distribution and fluctuations of the MTest beam line can be profiled. Figure 5.3
shows a picture for each instrumentation discussed.
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Figure 5.2: Plan view of the MTest area highlighting the various instrumentation available [166]. The beam enters from the left. Upstream and highlighted
in purple, are the two Cherenkov counters which are used for PID. four scintillators, SC1, SC2, SC3 and SC4 are placed throughout the
beam line as can be seen in light blue, with SC4 being the most downstream. MWPCs, shown in yellow are also distributed throughout the
beam line for monitoring of the beam. The tank used in this beam test was placed in the location shown in the diagram.
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5.1.4 Beam trigger
For this beam test, only the negatively charged particles are selected for the beam, in order
to avoid backgrounds from protons. Figure 5.4 shows the beam composition as a function
of the beam energy. One of the aluminium targets (MT4) was lowered to produce the
secondary beam and the collimators were set to 10 mm. The focusing/dipole magnets were
set to select low energy pions and electrons. For this beam test, data is taken at energies
of 4, 6 and 8 GeV with triggering set to select either pions or electrons (see Section 5.1.4).
Data is also taken at an energy of 2 GeV with triggering set to select electrons (note that
a 2 GeV pion run was attempted, but the event rate dropped too low for any significant
measurements). The intensity of the beam was kept relatively low at ∼ 20,000 counts on
SC1 per spill. After including the coincidence condition described in the next paragraph,
the maximum trigger rate seen was ∼ 8 triggers per spill. By taking into account the
frequency of the beam, one can estimate that there is on average a ∼ 200 µs separation
between particles incident on SC1 during a spill, leaving sufficient time between triggers.
This minimises any pileup while also keeping the trigger rate below the data acquisition
(DAQ) threshold which is around 10 Hz (see Section 5.2.3).
Here, the interest is in selecting particles which are either MIPs (muons, pions) or not
MIPs, which in this beam corresponds to particles which undergo EM showering (electrons,
photons). This is done using the FTBF instrumentation described in Section 5.1.3. The
coincidence of the four scintillator counters can be used to select beam particles which
follow a direct trajectory into the tank. This also significantly reduces the possibility of
backgrounds from cosmic rays causing contamination of signal. Note, it was found that
scintillator SC3 was misbehaving and as such it was unused, meaning that only three of
the scintillation counters were used for triggering. From here, a further constraint can be
made to select MIPs, by utilising the two Cherenkov counters. The upstream counter CC1
is set to a pressure of 2.9 psia and the downstream counter CC2 is set to 3.5 psia. This
configuration is chosen as at the energy ranges of interest (below 10 GeV), only electrons
traversing the chambers will produce Cherenkov radiation, and so by using this as a trigger,
electrons can be selected. Therefore, by using this in coincidence with the three scintillation
counters, electrons from the beam which penetrate the tank are selected. The majority of
the beam particles that are not electrons are pions (see Figure 5.4) therefore the Cherenkov
counters can be used in anti-coincidence with the three scintillation counters to select all
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Figure 5.3: Pictures of the FTBF instrumentation used for this beam test. Left two images
show the scintillation counters, SC1 and SC4 respectively. Upper right image shows
one of the Multi Wire Proportional Chambers (MWPC) and bottom right image
shows a Cherenkov counter.
Figure 5.4: Beam composition of the MTest beam line using a negative beam as a function of
the beam energy in GeV [166].
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pions or MIPs from the beam which penetrate the tank. This explains how triggering on
MIPs versus EM showering particles from the beam line is performed.
5.1.5 Beam performance
Besides the intrinsic nature of MIPs and EM showers, the beam profile can influence the
shape of PMT waveforms. The PMT is susceptible to pileup which occurs when photons
are recorded from more than just the triggered particle within the 316 ns trigger window.
This distorts the charge distributions and pulse shape by introducing an addition signal.
One potential source of pileup is cosmic rays. By estimating the flux of atmospheric muons
as 1 per square centimetre per minute, the expected rate is of order 1×10−5 muons incident
on the tank per RF bucket. Therefore, the likelihood of pileup occurring due to cosmic
rays is extremely small.
Another source of pileup is from the “halo” of the particle beam. This is caused by beam
(a) 2 GeV beam data (blue) triggering on electrons shows broad distribution. A gaussian is then fitted to the distribution
(red).
(b) 8 GeV beam data (blue) triggering on pions shows a more focused beam with less fluctuations. It is slightly offset from
the centre of the detector. A gaussian is then fitted to the distribution (red).
Figure 5.5: Spatial variation of particles detected in the X-Y plane of the MWPCs. Left plots
show the variation in the X-plane and right plots show variation in the Y-plane.
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particles whose trajectories are outside of the three triggered scintillator detectors but still
enter into the tank volume, while coincidentally, a particle penetrates all three scintillators
and activates the trigger. If this is the case, photons from halo particles are also recorded
along with the triggered particle signal. If the surface area of the scintillators sufficiently
covered the surface area of the tank volume, then the halo particles are vetoed. However,
in this beam test, the area covered by the scintillators is much smaller than the area of
the tank volume and they are only used to define a beam trajectory. Therefore, there is a
need to evaluate whether or not halo particles are causing pileup. Since this is a property
of the beam, the beam profile data taken with the MWPCs can be inspected.
Figure 5.5 shows an example of data from the MWPC. Figure 5.5a shows the spatial spread
in X and Y for a 2 GeV beam when electrons are triggered. Figure 5.5b is X and Y spatial
spread for an 8 GeV beam when pions are triggered. If halo particles (which are mostly
electrons) are present, they contribute to the spread of the beam. As can be seen from
Figure 5.5b, an 8 GeV pion beam with a pion trigger has a narrow MWPC distribution,
and it was found to be roughly constant between 4 to 8 GeV. This indicates halo particles
are not present in these energy ranges and an 8 GeV beam with a pion trigger are pion
dominant.
As will be discussed in more detail later (Section 5.3.5), the 2 GeV data with an electron
trigger has a wider MWPC distribution. The distribution becomes narrower at higher
energies, but the 8 GeV electron beam still shows a ∼ 10 mm wider distribution than the
8 GeV pion beam (Figure 5.17, left). This behavior is consistent with our understanding
of the beam line. Thus, whilst a wide beam is expected at 2 GeV, the possibility that
halo particles are present in the 2 GeV electron data cannot be eliminated. On the other
hand, the beam was run with very low rate (see Section 5.1.4) and the fact that there is no
indication of halo particles emerging in the 4 GeV pion beam suggests that halo particle
contamination for 2 GeV data is not significant.
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Figure 5.6: Gain extrapolation using two lab measurements of the PMT used in this beam
test [169]. Measurements are shown as the blue dots. Gain is specified to have a
power law relationship to the input voltage [170], which is used to fit to these data
points as is shown as the black line. For reference the R7081 Hamamatsu PMT
profile is shown in orange [171].
5.2 Experimental Setup
5.2.1 PMT unit specification
The sole photon detection and digitisation unit in IceCube is the DOM [50], as discussed
in Section 2.1. Each module contains a Hamamatsu R7081-02 10′′ PMT, which has a
spectral response between 300 nm to 650 nm with a peak quantum efficiency around 25%
near 390 nm. It features a box-and-line dynode chain with 10 stages, operated at a gain
of 107. The DOM houses a high voltage generator, various circuit boards for digitisation
and calibration all inside a 35 cm pressurised borosilicate glass sphere. Analog and digital
signal processing and calibration electronics are integrated onto the mainboard and the
LED flasher board. The PMT and surrounding electronics are secured in a high-strength
silicon gel that optically couples components to the glass sphere. This particular glass
material is chosen as it has a wide transparency window, down to 350 nm.
The IceCube PMT used in this beam test (named “Wintery Mix ”) was a DOM that had
the main board removed, giving direct access to the signal and high voltage (HV) cables,
so that a custom Data Acquisition (DAQ) system could be used, instead of the traditional
but bulky DOMHub DAQ [50]. A hole at the top of the PMT for passing the two cables
through (“penetrator”) was sealed with RTV glue to prevent any water from damaging
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internal electronics. From a previous lab calibration, the gain of this PMT was measured
at 2000 V and the voltage needed for a gain of 107 was also measured [169]. The gain is
specified by the manufacturer as having a power law relationship with the input voltage,
g ∝ V αn, where n is the number of dynode stages [170]. Therefore, the gain of this PMT
at the operational voltage of 1500 V may be extracted from these two lab measurements
as is shown in Figure 5.6. This PMT was seen to have a gain of 3.4× 107 at the operation
voltage of 1500 V.
Before moving to the full scale tank, a smaller scale setup was constructed using a standard
55 gallon drum. The PMT was placed through a foam ring for stability and buoyancy,
ensuring that the underside active PMT region was not masked by the foam. The drum
was filled with distilled water and the PMT was floated on top. The drum was closed and
wrapped in black plastic bags to prevent too many photons from leaking in. The PMT
was then switched on with a voltage of 1500 V, with the signal cable connected to an
oscilloscope. The trigger used here was on the leaked photon signal. This small scale setup
served to verify that the PMT is functioning as expected.
5.2.2 Tank specification
The detector volume consists of a cylindrical 70′′(w) × 77′′(h)1 food-grade polyethylene
tank filled with ∼ 720 gallons of distilled water [172]. A diagram of the experimental setup
of the tank in this beam test is shown in Figure 5.7. The inner and outer layers were
coated with black Tedlar film (polyvinyl fluoride) to suppress the reflection of photons
from within the tank and reduce photon contamination from outside the tank. The PMT
is placed on the surface of the water with the photocathode faced down. A foam ring is
fit to the PMT unit to stabilise the location as seen in Figure 5.8, right. The opening in
this ring defines the photo-sensitive area exposed to the Cherenkov radiation in the water.
The beam penetrates the tank along the beam axis, creating Cherenkov photons when it
enters the tank which are detected by the PMT, similar to the way in which the IceCube
detector operates. The PMT is also placed at an angle of 42◦ to the beam axis, which
corresponds to the Cherenkov angle in water. A commercial green LED, located outside
the tank, is coupled to an optical fibre that threads into the tank, so that it points toward
170′′(w) × 77′′(h) = 177.8 cm(w) × 195.58 cm(h)
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Figure 5.7: Diagram showing the layout of the tank with the PMT placed inside. DAQ and
calibration components are labelled. The LED is connected to an optical fibre
thread passed into the tank to the underside of the PMT. The beam is shown by
the green arrow and the propagation of the Cherenkov photons is represented by
the red arrow.
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the PMT’s photocathode. This is used to calibrate the PMT (Section 5.2.4). The tank is
placed in the MT6.2 enclosure as shown in Figure 5.2 and Figure 5.8.
5.2.3 DAQ specification
As mentioned in Section 5.2.1, the PMT has the mainboard removed, so the PMT signal
is accessed directly. The raw PMT signal is not digitised, therefore a prototype Digital
Acquisition (DAQ) system is used which is being developed for IceCube-Upgrade. The
central element to this DAQ is the waveform digitiser DDC2 (Digitizer Daughter Card,
revision 2) [173, 174]. A photograph of this card is shown in Figure 5.9. The PMT signal is
sent to the DDC2 and processed by a continuously sampling Analog-to-Digital Converter
(ADC) [175]. This converts an analog input voltage into a 14-bit digital value (an ADC
count) at a rate of 4 ns/sample. At signal frequencies above 10 MHz, the DDC2 has an AC
drop-off, meaning that the ADC counts to voltage conversion (see Section 5.2.4) becomes
non-linear and so difficult to describe. This is due to a low pass filter installed in the
DDC2 which filters the higher frequency signal component to make the waveform signal
smoother. Since the interest here is in doing a pulse shape analysis, to preserve the shape of
the waveform, the low pass filter in the DDC2 was removed, extending the AC drop-off to
above 10 MHz (see Figure 5.9). During data taking, a TTL (Transistor-Transistor Logic)
signal generated from the beam monitor coincidence (Section 5.1.4) is sent as an external
trigger to the DDC2. Note, IceCube is a neutrino telescope and so the ability to accept an
external trigger is designed only for test purposes.
Another element of the DAQ system is the FPGA (field programmable gate array), which
is used to programme the DDC2 functions and also to interface it with a computer so that
the data can be saved. The FPGA used in this beam test is the Intel (formerly Altera)
Cyclone V SX FPGA, which is consumer available [176]. By connecting the DDC2 to a
computer via this FPGA, the configuration settings on the DDC2 such as the triggering can
be managed. During operation, when a PMT signal is produced, the digitised PMT signal
from the DDC2 is handled by the FPGA and then forwarded to the computer through a
USB cable as an ASCII (text) table, with an entry for the timing and also the ADC count
for each sample. Transfer of data using ASCII is slow, and for this beam test it was found
that a triggering frequency of above ∼ 10 Hz starts to cause loss of data in the FPGA
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Figure 5.8: Picture of tank placed inside the MT6.2 enclosure (left) and picture of the PMT
floating inside the tank which is filled with distilled water (right).
Figure 5.9: Photograph of the DDC2 (Digitizer Daughter Card, revision 2) which is the wave-
form digitiser used in this beam test. Highlighted in red are 2 capacitors, C4 and
C13, which form the low pass filter with resistors R11 and R18. These two capacitors
were removed to disable the low pass filter.
123
5 IceCube DOM Beam Test at the Fermilab Test Beam Facility
output. The data rate is at maximum 2 Hz because of the requested low intensity beam
and low coincidence rate so this does not cause any issues. It would be more efficient to
use a binary format data transfer and this is currently in development.
5.2.4 Calibration
The DAQ needs to be calibrated so that conversion can be made between ADC counts,
which is the raw output from the DDC2, to a value of the voltage. This conversion factor
is called the least significant bit (LSB) and is obtained by triggering the digitiser to record
a known voltage, which is done using a pulse generator. A 1 MHz sine wave of amplitude
1 V is used as the signal. From this, the LSB was found to be 0.220 mV/ADC count. After
subtracting the baseline, the dynamic range of the DDC2 was found to be 2 V.
The gain variation of the PMT is monitored daily by the LED system which is shown in
Figure 5.7. This LED is a standard commercially available green LED. A 4 V square pulse
with a width of 40 ns was used to flash the LED and also used as an external trigger on
the DDC2, to record waveforms detected from the LED photons. Each of the recorded
waveforms is integrated over to get the total charge deposited on the PMT. A charge
histogram is produced, such as the one shown in Figure 5.10. A Gaussian distribution
with a normalization A, mean µ and standard deviation σ is fitted to the distribution. As
outlined in Appendix A.1, the average number of PE liberated from the photocathode per
waveform (PE) and the PMT gain (g) can be estimated using the following equations:
PE =
(µ
σ
)2
(5.1)
g =
µ
PE · C ·R (5.2)
where g is the gain, C is the charge of a single electron i.e. 1.6 × 10−19 C and R is the
impedance, which for the DDC2 is 150 Ω.
Figure 5.11 shows the stability of the gain and PE as a function of the day. It was later
found that the LED intensity saturates the PMT which breaks the relation shown in
Equation 5.1, therefore the extracted PE and gain are only effective. In this analysis, we
rely on the known gain of this PMT. Effective PE and gain can still, however, demonstrate
the stability of the PMT and water condition. The LED was seen to be malfunctioning in
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Figure 5.10: Charge distribution of data in nanovolt-seconds collected with the PMT on 20th
June 2017 of a flashing LED pulse. Fitted to this distribution is a Gaussian distri-
bution with normalization A, mean µ and standard deviation σ.
Figure 5.11: On the left, a plot showing the variability of the average number of effective PE
liberated from the photocathode per waveform as a function of the date and on
the right a plot showing the variability of the effective gain as a function of the
date, with a 10% error shaded in grey. For the dates June 15–June 18, the LED
was found to be malfunctioning.
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the first 4 days of data taking, and on June 19, a visual inspection found the LED to be
very wet. The LED was then moved further from the tank to prevent water condensation.
After this, the effective gain and PE can be seen to be stable with time, the effective gain
being at a value of 2×107 and the effective PE at ∼ 150. This means that the experimental
setup was stable over the period of data taking. From this measurement a 10% error is
assigned on the PMT gain (as shown on the figure). By assuming the stability of the LED
system, it was concluded that water transparency degradation is not a problem for any of
the measurements taken in this beam test.
5.3 Results
5.3.1 PMT waveforms
Figures 5.12 and 5.13 show the digitised waveforms for 2 GeV electron and 8 GeV pion
data. These data sets are used to do the pulse shape comparison, where an EM shower and
a MIP like particle deposit similar charges. Each digitised waveform represents a triggered
event that produced Cherenkov radiation in the detector volume. Waveforms are plotted
into 16 charge bins.
Each charge bin contains a collection of waveforms. From an initial observation, both
electron and pion produced waveforms appear to have a marginal difference in width and
share a reasonably similar shape. Each waveform consists of a primary and secondary
pulse located between 100-200 ns for each waveform. The amplitude of the first pulse in
each bin grows with charge until ∼ 1500 mV, which may be an indication of saturation (see
Section 5.3.4). Similarly, the second pulse demonstrates a linear growth with increasing
charge.
At this stage, it is difficult to distinguish between the electron and pion produced wave-
forms. Further pulse shape analysis is explored by:
• Characterising the primary pulse.
• Characterising the secondary pulse.
• Understanding saturation of the pulse amplitude despite the sufficient dynamic range.
• Determining whether the spread of the beam influences the width of the pulses.
126
5.3 Results
500
1000
1500
2000
0.0 < Q (nVs) < 4.4 4.4 < Q (nVs) < 8.8 8.8 < Q (nVs) < 13.2 13.2 < Q (nVs) < 17.6
500
1000
1500
2000
17.6 < Q (nVs) < 22.0 22.0 < Q (nVs) < 26.4 26.4 < Q (nVs) < 30.7 30.7 < Q (nVs) < 35.1
500
1000
1500
2000
35.1 < Q (nVs) < 39.5 39.5 < Q (nVs) < 43.9 43.9 < Q (nVs) < 48.3 48.3 < Q (nVs) < 52.7
0 100 200 300
0
500
1000
1500
2000
52.7 < Q (nVs) < 57.1
100 200 300
57.1 < Q (nVs) < 61.5
100 200 300
61.5 < Q (nVs) < 65.9
100 200 300
65.9 < Q (nVs) < 70.3
V
ol
ta
ge
(m
V
)
Time (ns)
Figure 5.12: PMT waveforms for a 2 GeV electron triggered beam, split up into respective charge
bins labelled on the top right of each plot.
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Figure 5.13: PMT waveforms for an 8 GeV pion triggered beam, split up into respective charge
bins labelled on the top right of each plot.
128
5.3 Results
5.3.2 Primary pulse
In order to identify the features of the waveform, it is split into two regions: primary
pulse and secondary pulse. The primary pulse occurs in the timing region of ∼ 100-150 ns
and it reflects the pulse generated by the PMT from standard photo multiplication. To
isolate the primary pulse, a Gaussian distribution with normalization Ap, mean µp and
standard deviation σp is fitted, ignoring the waveform contributions above 150 ns so as
to approximate only the primary pulse. The produced pulses can be seen in Figure 5.14
for a 2 GeV electron beam and Figure 5.15 for an 8 GeV pion beam. For the majority of
waveforms, this procedure can be seen to be a reasonable estimate of the primary pulse.
However, there are outliers which either did not fit well to the waveform or simply did not
fit all, either because the fit failed or because the waveform was anomalous. These can be
identified and removed simply by requiring 100 ns < µp < 150 ns and 2.5 ns < σp < 15 ns,
thus only selecting the higher quality waveforms. In total, this cut removed ∼ 2% of
waveforms. All primary pulse results shown from now will have this selection imposed.
Pulse shape analysis can now be done to compare the two datasets, but first the three
other points discussed above are looked into to understand the impact they might have on
the pulse shape analysis.
5.3.3 Secondary pulse
The waveforms in Figures 5.12 and 5.13 can be seen to exhibit a non-Gaussian secondary
peak that grows with increasing charge at timings of above ∼ 150 ns. Such behaviour is a
common feature of PMTs and can be described as:
• Afterpulse: Electrons accelerated between dynodes induce ionization of residual gas
molecules. Afterpulsing is described to grow linearly with charge; however, the timing
range they are expected to be seen in is from 300 ns to 11 µs and so the secondary
pulse seen in the waveforms here are not likely due to afterpulsing [52].
• Late pulse: The primary PE which impact the first dynode elastically or inelastically
backscatter. It briefly decelerates and accelerates again towards the dynode chain,
due to the electric field. The delay between the first and second peak should equal
twice the PE transit time between the photocathode and amplification chain. The
resultant peak is completely separate from the main pulse with a broadened response
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Figure 5.14: Primary pulse extracted with a Gaussian fit for a 2 GeV electron beam, split up
into respective charge bins labelled on the top right of each plots.
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Figure 5.15: Primary pulse extracted with a Gaussian fit for an 8 GeV pion beam, split up into
respective charge bins labelled on the top right of each plots.
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Figure 5.16: Charge of the secondary pulse plotted as a function of the charge of the waveform.
In red circles show data points for a 2 GeV electron beam and in blue triangles
show data points for an 8 GeV pion beam. For both configurations, it can be seen
that the second pulse grows linearly with the total waveform.
time. Generally, this occurs on a timescale of up to 70 ns after the primary pulse
and is expected to grow linearly with increasing charge [177].
From the timing, the secondary peak is likely to be due to late pulses and to confirm this one
can check whether there is a linear relationship between the total charge and the secondary
peak charge. To calculate the secondary peak charge, the charge of the Gaussian primary
peak is subtracted from the total charge of the waveform (see Section 5.3.2). Figure 5.16
shows the secondary pulse charge as a function of the total charge of the waveform for both
the 2 GeV electron beam and an 8 GeV pion beam. This plot demonstrates the linearity
between the two, and so confirms that the secondary pulse is due to late pulses. The linear
behaviour continues even for high values of charge, suggesting that it is not limited by
saturation effects of the primary pulse.
5.3.4 Saturation
PMT saturation arises when the number of PE impacting the dynode chain exceeds its
amplification capability. That is, the dynode is not able to emit enough electrons in
response to primaries and so fails to amplify the PE with the proper gain multiplication.
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Although each dynode is connected to a ground that replenishes the electrons, there is a
threshold to the rate at which the electrons can be ejected from a dynode. The onset of
saturation causes the voltage read out from the PMT to become non linear with respect
to the number of incident PE until, with increasing PE, it eventually plateaus.
Figures 5.12 and 5.13 show the effect of PMT saturation. The waveform voltage stops
increasing around ∼ 1500 mV suggesting the PMT is saturated. For a given energy, wave-
forms for the electron data experience more saturation compared to waveforms from pion
data because of the larger charge deposition by EM showers vs MIP tracks. Saturation
becomes an issue for data using an electron beam at the high energies, motivating the use
of the lower energy electron data for this analysis.
5.3.5 Beam spread
As mentioned in Section 5.1.5, the beam features may also have an impact on the waveform
features. This was studied by looking at the beam profile data taken using the MWPCs
as shown in Figure 5.5. Figure 5.17, left, shows the spread of the beam as a function of
the beam energy. Here, the average spread over the X-Y plane and the 3 MWPC data is
computed and plotted as a function of the beam energy for an electron trigger in red and a
pion trigger in blue. This plot shows that the beam is more focused at the higher energies
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Figure 5.17: Left figure shows the average spread of the beam as a function of the beam energy
for an electron trigger and pion trigger. Spread was computed from beam profile
data which was taken using 3 multi-wire proportional chambers (see Figure 5.5).
The right figure shows the average of the primary peak width as a function of the
beam energy. In both figures electron and pion triggered data are shown in red
and blue, respectively.
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for both electron and pion triggering. This is to be expected as it takes more secondary
collisions to produce the lower energy beams from the initial 120 GeV primary beam. The
beam will spread and the overall flux will also reduce as particles of a lower energy are
selected. Indeed, when triggering on pions for energies less than 4 GeV, the flux drops so
low that a significant amount of waveforms could not be recorded.
MWPC data shows the spatial spread of the beam entry location. At energies below 4 GeV
for electrons, this becomes ∼ 20 mm greater (a factor ∼ 1.75) than at 4 GeV and above.
However, Cherenkov photons from an electron, displaced a distance of ∼ 20 mm from the
beam entry location would correspond to a timing difference of only ∼ 100 ps as detected
on the PMT inside the tank. Therefore, the spatial spread of the beam at the lower energies
is not expcted to impact the pulse shape. The effect of beam halo increases as the energy
is decreased but, as mentioned in Section 5.1.5, this should not be significant due to the
requested low flux of the beam.
Figure 5.17, right, shows the spread of the primary PMT pulse (σp). The electron beam is
shown in red and the pion beam is shown in blue. Unlike the beam monitor data, measured
σp increases for electron data but not pion data. This trend is different from the beam
monitor data therefore, the beam spread is not seen to have an influence in the waveform
data.
5.3.6 Pulse shape analysis
In the previous sections it is demonstrated that the higher energy beam configurations have
problems caused by the growth in the secondary peak and additionally for the electron
beam, the saturation of the primary peak. Alternatively, at the lower beam energies the
flux becomes small and the beam more spread to the point where beam halo effects may be
significant or large enough statistics cannot be collected. On top of this, the pulse shape
analysis must occur for similar charge waveforms as this is what IceCube detects, therefore
the datasets to compare must be chosen such that they have similar charge. With these
points in mind, the 2 GeV electron data has been chosen to compare to the 8 GeV pion
data (waveforms shown in Figures 5.12 and 5.13). With these datasets, the effects from the
secondary pulse, saturation and beam spread are kept to a minimum, while still allowing
the comparison of similar charge waveforms. Note, although the in situ calibration has a
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problem, the observed charge deposition corresponds to ∼20 PE assuming a known gain
of this PMT.
The discriminator that will be used to do the pulse shape analysis here will be the spread
of the primary pulse σp. This is shown in Figure 5.18, where σp is plotted against the
charge, where the red circles represent a waveform from the 2 GeV electron data and the
blue triangle a waveform from the 8 GeV pion data. The red band shows the one sigma
containment region for the 2 GeV electron data and the blue band shows the one sigma
containment region for the 8 GeV pion data. By comparing the two, it can be seen that at
the low charge, a statistical discrimination can be made. Here, the EM shower events tend
to produce primary pulses which are more spread than for MIP events. The significance
to which the discrimination can be made is not however to a degree at which the majority
waveforms can individually be identified as being from either a MIP or EM shower event.
At the higher charges, the power to discriminate is completely lost which can be understood
as the result of saturation and secondary pulse effects as previously discussed.
5.4 Simulation
5.4.1 Geant4
A simulation of this beam test is performed using Geant4 [178], a comprehensive soft-
ware toolkit designed to simulate physics processes related to particle propagation within
matter. Here C++ object-orientated code is utilised to generate a geometrical layout of the
experiment and simulate charged particle interactions in the constructed detector. The
geometry is setup as follows. The “world” is defined as a 4×4×4 m box which will contain
all objects. The tank is placed inside this world and its material, dimensions and water
content reflect the description given in Section 5.2.2. A PMT is constructed consisting
of a sphere with radius 7′′. The PMT is placed inside the tank such that the bottom
half of the PMT is immersed in the water. The submerged surface of the PMT is then
defined to be the sensitive detector. The simulation does not include the foam ring which
has the potential to block some photons, or the response of the Tedlar lining which may
lead to reflections. Figure 5.19 shows a schematic of the geometry of this simulation. The
beam particles are generated upstream and the simulated events are recorded if the beam
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particle hits the SC4 scintillator (described in Section 5.1.4). Note that a full simulation
of the MTest beam line is not performed, instead mono-energetic particles are generated
in front of the detector assuming that energy loss and spread due to known materials are
small. Physics processes are then chosen. For this beam test, the geant4 libraries for
EM physics and muon physics are added, which incorporate processes such as Cherenkov
radiation, multiple scattering, Bremsstrahlung radiation and ionization for the electrons
and muons, and then pair production, Compton scattering and the photoelectric effect for
photons (see Section 1.4.2).
The efficiency and spectral response of the PMT must also be considered. The PMT is
specified by Hamamatsu for the wavelength range 300–650 nm [50]. However, the optical
transmission of the glass falls at wavelengths below 350 nm and at the larger wavelengths
the efficiency of the PMT decreases. Therefore, in the simulation, only the Cherenkov
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Figure 5.18: Scatter plot showing the spread of the primary pulse σp vs the deposited charge.
Each red circle corresponds to a waveform from the 2 GeV electron beam and each
blue triangle corresponds to a waveform from the 8 GeV pion beam. The red and
blue bands show the one sigma containment region for the 2 GeV electron and
8 GeV pion beams, respectively. On the right is shown a histogram of the primary
pulse σp for the respective waveform data.
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photons produced with wavelengths between 350–550 nm are registered as hits on the
PMT. The efficiency of the PMT takes into account the quantum efficiency of the PMT,
optical absorption in the PMT, glass shell absorption, discriminator threshold effects, and
photocathode non-uniformity. Here a flat 10% [50] efficiency is used for the photons inside
the spectral range specified. The simulation is still idealised, in that it does not take into
account the SPE spread and the angular dependence of the efficiency of incident photons.
Such effects would smear the hit distribution, which is accounted for in an ad hoc way
using a Gaussian kernel.
5.4.2 Hit distribution
In this section, the hit distribution from data and simulation will be compared to infer how
saturation affects the high charge waveform data. Although the efficiencies are estimated,
there is a disagreement between data and simulation for the overall hit distribution. Here,
the horizontal axis is scaled such that the simulated hit distribution peak of the 8 GeV
pion data agrees with the simulation. A smearing is also applied on the simulation to
again match the pion distribution. The same Gaussian kernel is applied for both pion
and electron simulations by assuming the unknown smearing is due to photon propagation
physics.
Figure 5.19: Geant4 simulation [178] geometry of the beam test. The underside of the halfway
immersed PMT is defined to be the sensitive detector. PMT hits are logged when
the electron/pion penetrates the tank and hits the downstream SC4 scintillator.
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Figure 5.20: Hit distribution of the number of photons hitting the PMT for both electron and
pion events. Data points taken from this beam test are compared to geant4
simulations. The presence of saturation can be seen to have a large affect for very
high charge data, such as for the 2 GeV data with electron triggering.
The results are shown in Figure 5.20. Data is shown for 8 GeV pions as blue triangular
points and for 2 GeV electron as circular red points, where both are shown with statistical
error bars. The dashed blue line shows the simulation for 8 GeV pions, the dashed red line
shows the simulation for 2 GeV electrons and the dashed green line shows the simulation
for 1 GeV electrons. The 8 GeV pion simulation is fitted to the data as described above.
The same correction is applied to the 1 GeV and 2 GeV electron simulations. Under these
conditions, long tails are observed in the electron simulations. This implies that the 2 GeV
electron data is saturated at high charge with the PMT entering the non-linear regime
discussed in Section 5.3.4, causing the voltage read out to plateau. Events with high
charge are expected to migrate to lower charge as the data suggest. It is also observed that
the 1 GeV electron simulation has a better agreement with the electron data. This suggests
electrons experience energy losses in the beam line through the instrumentation such as
the Cherenkov counters, MWPCs, and scintillators (Section 5.1.2). Significant energy loss
is not expected for MIP particles such as pions.
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5.5 Conclusion
Current water Cherenkov telescopes such as IceCube have difficulties identifying particles
at low energies (few GeV) due to the relatively sparse instrumentation. The low level PMT
waveform features are not currently utilised; however, the pulse shape shares characteristics
of the parent particle. It is demonstrated in this beam test the possibility of performing
particle identification using pulse shape analysis of waveforms from a single PMT between
MIP-like particles, such as pions, and electromagnetic showering particles, such as elec-
trons. A PMT was floated inside a tank filled with distilled water and using the beam
provided by the Fermilab Test Beam Facility, electrons and pions were shot into the tank
at different energies. 2 GeV electron and 8 GeV pion waveforms are compared as they de-
posit similar amounts of charge. The primary pulse spread was used as a discriminator and
it is shown that at low charge, there is a discrimination that can be made between 2 GeV
electron and 8 GeV pions. Such techniques can be applied to future neutrino telescopes
focusing on low energy physics, such as the IceCube-Upgrade.
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6 Hadronization processes in neutrino
interactions
Current and future long-baseline oscillation experiments, such as the IceCube-Upgrade [59],
T2K [179], NOvA [180], ORCA [181], INO [182], Hyper-Kamiokande [183], and DUNE [184]
utilise neutrinos with energies in the 1 to 10 GeV range. In the past, lepton kinematics
were sufficient to extract oscillation parameters, however, higher precision measurements
can be possible by exploiting information from hadronic system. The hadronic system
was often neglected or poorly modeled in the past, but can have significant effects on
high precision neutrino oscillation and cross-section measurements. Among the physics of
hadronic systems in neutrino interactions, the hadronization model controls multiplicities
and kinematics of final state hadrons from the primary interaction vertex. For relatively
high invariant mass events, many neutrino experiments rely on the pythia program [185].
Current neutrino interaction generators such as genie [43] and neut [186] rely on the
outdated and no longer supported pythia, version 6 (pythia 6). In this chapter, the
pythia 6 hadronization model is updated in the genie neutrino interaction generator to
the contemporary pythia 8 model, which is the successor to pythia 6 [187].
6.1 Hadronization Modelling
6.1.1 Genie neutrino interaction generator
Genie is a root-based neutrino Monte-Carlo event generator [43, 188]. It stands for
“Generates Events for Neutrino Interaction Experiments”. It was developed over a period
of three years, from 2004 to 2007, entirely in C++ using object-oriented methodologies
and has been continously improved ever since. Previous generations of neutrino interac-
tion simulations were developed and maintained for the particular experiment at hand.
Well known examples are the Soudan-2 experiment, which developed the event generator
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Figure 6.1: W distribution of vµ-water target interaction in genie. Left red hatched region
is quasi-elastic scattering, middle hatched region is resonance interaction, and right
green hatched region is from DIS. TheW distribution can be split into three regions,
kno scaling-based model only region, pythia 6 only region, and the transition
region [190]
Neugen [189], and Super-Kamiokande and K2K experiments which use the event gen-
erator neut [186]. These event generators were developed with the needs of the specific
experiments in mind and so were heavily tuned in order to have good agreements with the
experimental data. Genie strives to provide a more general framework that is valid over
a range of energies, nuclear targets and neutrino flavours. Its long term goal is to become
a “canonical” neutrino event generator, allowing future experiments to adopt genie as a
complete neutrino event generator.
The few-GeV energy range is particularly important for neutrino oscillation experiments,
where an accurate reconstruction of the final state particles is crucial in order to keep
cross-section uncertainties to a minimum, which in turn would translate to measurements
of the oscillation parameters of a higher precision. The mixing of QE, resonance and
DIS interactions (see Figure 1.12) at this energy range make accurate simulations of the
transition region challenging as each interaction has its own model. In genie, the type
of neutrino interaction is determined by the value of the invariant hadronic mass W (see
Figure 1.13 for definition). Figure 6.1 shows the contributions from the interaction types
as a function of W . At low W ∼ 1 GeV, there is a sharp peak for the contribution from
QE scattering which fades quickly as W is increased to 2 GeV, where resonance and DIS
interactions become dominant. The transition from resonance to DIS takes place gradually
over a wide W range, ∼ 2–3 GeV after which the only interaction mechanism is via DIS.
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Genie employs its own hadronization model for DIS events called the agky
(Andreopoulos-Gallagher-Kehayias-Yang) model [191]. It was created in order to im-
prove MC simulations for the MINOS experiment and is now the default hadronization
model in genie. The agky model is split into two parts: a phenomenological description
based on the Koba-Nielson-Olesen (kno) scaling law [192] which is used at low W and
the well known pythia 6 [185] hadronization model which is used at high W . The tran-
sition takes place gradually over a transition window
[
W trmin = 2.3 GeV , W
tr
max = 3.0 GeV
]
over which the fraction of events hadronized using the pythia 6 (kno) model increases
(decreases) linearly, as highlighted in Figure 6.1.
6.1.2 Kno hadronization model
The kno scaling model is a phenomenological model that is tuned with data from the
Fermilab deuterium-filled 15-foot bubble chamber [193] and the Big European Bubble
Chamber (BEBC) at CERN [194]. The generation of the hadron shower particle content
and 4-momenta in the agky model for low W , begins with the empirical expression:
〈nch〉 = ach + bch lnW 2 (6.1)
in which nch is the charged hadron multiplicity, so 〈nch〉 represents the average of the
charged hadron multiplicity and the coefficients a and b are tuned for the particular collision
using relevant data from bubble-chamber experiments. Once 〈nch〉 has been determined,
the average hadron multiplicity 〈n〉 is calculated using 〈n〉 = 1.5 〈nch〉 [195]. Now that
〈nch〉 is known, nch can be calculated by using the kno scaling law [192]
〈n〉 × P (n) = f(n/ 〈n〉) (6.2)
which asserts that the scaled multiplicity distribution is parameterised by a universal scal-
ing function f , which is given by the Levy function [192]:
f(z; c) = 2e−cccz+1/Γ (cz + 1) (6.3)
where z = n/ 〈n〉 and c is an input parameter which depends on the initial state and Γ is
the gamma function.
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Now the hadrons are selected up to the calculated n, taking into account conservation laws
and kinematic constraints. Once a particle is generated, the hadronization model then
performs the hadron decay. This is done by generating the baryon four-momentum P ∗N
using nucleon parton distribution functions (PDFs), which represent the number density
to find a parton (quark or gluon) carrying a momentum fraction, xF (see Section 1.4.1).
This process is then iterated over once P ∗N has been generated in order to calculate the
four-momentum of the remaining hadrons.
6.1.3 Pythia hadronization model
At high W hadronization is performed using the pythia MC generator [185]. Pythia is
regarded as one of the standard tools for the generation of high-energy collisions. Fragmen-
tation in pythia is described by the Lund string fragmentation model, which was originally
developed in the late seventies by the Lund group [197]. Formerly this model was packaged
in a separate program called jetset, which has now been merged with pythia.
The Lund fragmentation model is based on the dynamics of one-dimensional relativistic
strings that are stretched between coloured partons. These strings represent the colour
flux and in particular, are subject to a linear confinement potential. The hadronization
process is described by break-ups in the strings through the production of new quark-
antiquark pairs (Figure 6.2). An iterative approach is used to perform the fragmentation
as each break up is causally disconnected, until the individual systems reach a cut-off
energy threshold.
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Figure 6.2: Illustrative depiction of the massless relativistic string in the Lund string fragmen-
tation model. New qq̄ pairs are created by breakups in the string from an intiaited
quark-antiquark pair q0q̄0 [196].
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After the creation of a qq̄ pair, the transverse momentum, p⊥, of the created qq̄ pair is
determined using the tunnelling mechanism, which leads to a Gaussian spectrum of the p⊥
for the produced hadron. This is done in order to account for the energy contained in the
transverse mass, m⊥ =
√
m2 + p2⊥. The variable z gives the fraction of energy transferred
to the produced hadron out of the total energy available (see Section 1.4.1). An associated
fragmentation function f(z) gives the probability that a given z is chosen. The simplified
Lund symmetric fragmentation is given by [197]
f(z) ∝ z−1 (1− z)a exp
(−bm2⊥
z
)
(6.4)
where a and b are left as tunable variables so as to have a means of regulating the distri-
bution of energy across the final states.
Pythia typically caters to high-energy accelerator experiments such as those at the LHC
and so its default tuning is not quite suitable for neutrino oscillation experiments which
are lower in energy. It is shown in Reference [198] that by borrowing tuning expertise from
accelerator experiments at lower energies, specifically the HERMES experiment [199], an
improvement in the charged hadron multiplicity bubble chamber data can be obtained.
This describes the underlying model of both pythia 6 and pythia 8, which fundamentally
means they are the same model. However, in terms of the implementation, there exists
notable differences. Pythia 6 is written entirely in Fortran which introduces the need for
wrapper classes to interact with the C++ code in genie. Pythia 8 does away with this
as it is has been rewritten from scratch in modern C++, meaning genie can have direct
access to its libraries. Pythia 8 is also the officially supported release of pythia, therefore
more advanced event generation features (such as beam remnant structure) which do not
currently exist in genie can be implemented here with the support and guidance of the
pythia authors.
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6.2 Approaches
6.2.1 Direct translation
The most direct and straightforward approach to take is to directly translate the pythia 6
routines in genie into the pythia 8 equivalents. Two immediate issues arise, however they
can be easily circumvented. The first is the dependence on root classes which exist only
when pythia 6 is built. Genie interfaces with pythia 6 through the root singleton class
TPythia6, which contains the pythia 6 instance along with necessary wrapper classes to
port the generated pythia 6 event list into C++. Each particle in the pythia 6 event
list is translated into a C++ container class called TMCParticle, which is able to store
information such as the particle type, energy and other event generation details. This
manipulation is no longer needed when interfacing with pythia 8. All that is needed is
a new singleton class in genie (Pythia8Singleton) holding the instance of pythia 8,
from which the hadronization routines can be called and the event list can be accessed
directly. Note that pythia is also available in genie for its decay routines, therefore when
translating routines to pythia 8 equivalents, both the hadronization and decay in genie
is affected. Essentially, there is no dependency on root classes when using pythia 8.
With that said, there is, however, a complication in genie due to the misunderstanding
of the scope of the TMCParticle class which has been used in genie in places unrelated
to pythia 6. There does already exist a similar particle container class in genie therefore
the TMCParticle class must be replaced in order to completely excise the dependence on
the root pythia 6 routines. Once this is done, pythia 8 can be used in genie with
root no longer needing to be built with any version of pythia.
The second issue is a minor issue to do with the status code conventions for particles
that have been updated in pythia 8 and are no longer compatible with pythia 6. These
status codes are integers which signify how the particle was produced. Genie convention
is based on pythia 6 status codes, therefore a simple solution is to covert the status
codes of pythia 8 generated particles into the older pythia 6 status codes to maintain
compatibility with genie. Once this is done, the pythia 8 can be run successfully in
genie as shown in Reference [190].
The complication encountered relating to the TMCParticle class is, however, one symptom
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of outdated code inside genie. The first implementation described above, while being able
to run pythia 8 inside genie is not substantial for the future maintainability of genie
and so this work prompted the refactorisation of the hadronization and decay routines
inside genie. This basically entails rewriting the hadronization and decay base classes
to use more modular classes, as had already been done in other areas of genie [200].
Another point of concern in the above implementation was that pythia 6 support was
completely lost which may not be desirable for some genie users. Therefore, support
of pythia 6 must be maintained and further to this, the option of running pythia 6
alongside pythia 8 is also desirable (for example, in the situation when one wants to run
with pythia 8 hadronization routines, but also pythia 6 decay routines). This is possible
to implement though appropriate pre-processor flags.
The principal observable of interest here is the averaged charged hadron multiplicity 〈nch〉.
This is one of the basic variables used to study hadronization processes and 〈nch〉 data is
an essential input for hadronic shower modelling. Events were generated in genie using
an arbitrary E−1 flux spectrum ranging from 0.5–80 GeV for vµ interactions with proton
and neutrons. The HadronizationTest event generator list was used for generation, which
restricts genie to simulate only CC DIS and CC resonance interactions (see Section 1.4.1).
Figure 6.3 shows the 〈nch〉 distribution as a function of W 2 compared to data from the
Fermilab deuterium-filled 15-foot bubble chamber [193] and the Big European Bubble
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Figure 6.3: Averaged charged hadron multiplicity as a function of W 2. Here, two predictions
from genie are compared with bubble chamber neutrino hadron production data
from vµ-proton (left) and vµ-neutron (right) interactions [193, 194]. The upper red
line represents default genie which uses pythia 6 and the blue line represents genie
with pythia 8.
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Chamber (BEBC) at CERN [194]. The left plot is for vµ-proton interactions and on the
right is for vµ-neutron interactions. Shown in red is the distribution obtained for the current
default genie, i.e. genie using pythia 6. For details on the performance of pythia 6 in
genie see Reference [198]. In blue is shown the distribution obtained after translating to
pythia 8 as described above. Here, the latest version of genie is used from the GitHub
code repository [43], commit number 951b40d and for pythia 8, version 8.243 is used.
At low W , the predicted curves follow the data points as the hadronization process is
dominated by the KNO scaling-based model. As W increases, the predicted curves show
deviations with bubble chamber data. This is because the default pythia parameter
tunings are tailored to higher energy LHC experiments, and so better agreement can be
achieved by customised tuning of the Lund hadronization model parameters as demon-
strated in Reference [198]. These parameters have been updated in pythia 8 which is the
cause of the discrepancy between it and the pythia 6 distribution. In the future, once this
pythia 8 implementation is merged into the next version of genie, the tuning technology
described in Reference [198] can be used once again to provide pythia 8 parameter sets
more tailored for neutrino experiments in the 1 to 10 GeV energy region. Distributions of
other hadronization observables such as xF are also examined and no major discrepancies
are found between the pythia 6 and pythia 8 implementations.
6.2.2 Further features
With recommendations from the pythia authors (S. Prestel in particular), improvements
to the way hadronization is handled in genie is possible. More specifically, in genie the
particles which are fed into pythia are quark+diquark pairs conditional on the initial state
and hit quark. This is shown in Table 6.1, taken from C. Andreopoulos [201]. The beam
remnants are particles left behind from the incoming beam particle, which do not take an
active part in the hard-scattering process. These still need to be accounted for as they are
colour connected to the rest of the event. These can be quite complicated and pythia
has dedicated functionality to account for such effects [187]. However, genie in its current
form does not take advantage of this, and so an improvement would be to handle this
within pythia. Instead of feeding pythia with a quark+diquark to hadronize, the full
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Init state Hit quark
Leading
quark
Remnant
system
Pythia 6
assignment
Weirdness
level
v + p CC d valence (d→) u uu u + uu
v + p CC d sea (d→) u d̄ + uud u + uu ∗
v + p CC s sea (s→) u s̄ + uud u + uu ∗∗
v + p CC ū sea (ū→) d̄ u + uud u + uu ∗ ∗ ∗
v + n CC d valence (d→) u ud u + ud
v + n CC d sea (d→) u d̄ + udd u + ud ∗
v + n CC s sea (s→) u s̄ + udd u + ud ∗∗
v + n CC ū sea (ū→) d̄ u + udd u + ud ∗ ∗ ∗
. . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . .
Table 6.1: Driving pythia 6 from genie. “Some amount of monkey business in making
quark+diquark assignments most certainly due to our own unfamiliarity with pythia.
Luckily, overall generation outcomes not sensitive to choices made” [201].
event kinematics can be supplied and in this way more complicated behaviour such as the
beam remnant structure can be managed within pythia.
The event kinematics are then fed to pythia 8 using the LHAup class provided in pythia 8.
A few technical challenges arise when attempting to implement this, mostly centered
around the initialisation of the pythia 8 instance. The kinematics of the probe and
hit nucleon is unique for each individual pythia 8 instance and cannot be modified with
re-initialisation. A simple fix is to do this re-initialisation event by event however the
computation time increases by an order of magnitude as the initialisation call is expensive.
Instead, the singleton class Pythia8Singleton is modified such that it only creates a new
pythia 8 instance if the probe and hit nucleon composition changes, therefore minimising
the number of pythia 8 instances needed. A re-initialisation was also required when the
energy of the probe changed; however, the pythia team (S. Mrenna in particular) was able
to implement in pythia 8, through the GBeamShape pythia 8 class, a way to circumvent
this. Therefore, in the recent releases of pythia 8, only the maximum energy needs to
be supplied during initialisation after which the pythia 8 instance can be used for any
energies. The results are shown in Figure 6.4, again in terms of 〈nch〉 vs W 2 distribution
compared to bubble chamber data [193, 194]. Once again, pythia 8 tends to underestimate
the 〈nch〉 compared to the data. Once the above features are implemented into genie, a
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Figure 6.4: Averaged charged hadron multiplicity as a function of W 2. Here, two predictions
from genie are compared with bubble chamber neutrino hadron production data
from vµ-proton (left) and vµ-neutron (right) interactions [193, 194]. The red line
represents default genie which uses pythia 6, the blue line represents genie with
a direct translation of the pythia 6 routines into pythia 8 and the green line
represents an implementation of pythia 8 in genie in which the beam remnant
structure is also handled by pythia 8 (see text for details).
hadronization process tuning, very similar to the one described in Reference [198], can be
performed to tailor pythia 8 for use in neutrino interaction processes.
6.3 Conclusion
Hadronization in the genie neutrino interaction generator is examined and the possibility
of upgrading the hadronization model from the outdated and no longer supported pythia 6
to the contemporary and rewritten C++ based model of pythia 8 is attempted. First a
direct translation of the pythia 6 routines to the pythia 8 is successfully carried out,
along with a refactorisation of the genie hadronization routines. Comparison are made
of the hadron multiplicites between the models and it is found that pythia 8 agrees with
pythia 6, both however underestimating bubble chamber data. Further improvements to
the genie hadronization implementation are attempted by allowing pythia 8 to handle
the beam remnant structure, rather than relying on its own ad-hoc model. Pythia 8 is
by default tuned for higher energy LHC experiments, therefore, in the future, a tuning of
the pythia 8 parameters for neutrino experiments is needed.
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7 Conclusion
The IceCube neutrino observatory has revealed a new frontier in the study of neutrino
physics. Using a relatively simple detection mechanism combined with an immense fidu-
cial volume, it has facilitated the study of neutrinos and particle physics in general, across
magnitudes of order ∼GeV all the way up to ∼ 10 PeV. The work in this thesis makes this
apparent, containing studies of fundamental spacetime symmetries using both atmospheric
and astrophysically produced neutrinos, studies on the pulse shape characteristics of sec-
ondary particles produced in neutrino interactions and finally a study of the hadronization
model used in these interactions.
Chapter 3 presents an analysis using atmospheric neutrino data of order ∼ 10 TeV to search
for violations of Lorentz symmetry by using vµ → vτ oscillations as a natural interferom-
eter with a size equal to the diameter of Earth. The Standard Model Extension (SME)
framework is introduced, where each SME operator represents a type of Lorentz violation
(LV). Contrary to previous searches of LV, the analysis presented here explores correlations
between the SME elements for each operator. Although no LV was found, this analysis had
provided the best attainable limits in the neutrino sector on higher-order operators. Com-
parison with limits from other sectors revealed that this work provided the best attainable
limits on dimension-six elements across all fields: from tabletop experiments to cosmology.
This is a remarkable point that demonstrates how powerful neutrino interferometry can be
in the study of fundamental spacetime properties.
Chapter 4 builds upon the foundation laid down in the previous chapter, now utilising very-
high-energy astrophysical neutrino data of up to ∼ 10 PeV to search for new physics signals.
With a baseline of cosmological distances, even tiny new physics effects can accumulate to
produce observable differences in the neutrino flavour composition as measured on Earth.
No evidence of new physics was found, however this analysis demonstrates the potential
in searching for new physics using astrophysical neutrino flavour measurements. Although
the current statistics and detector sensitivity allow for searches for only rather special
new physics effects, it is demonstrated that the sensitivity of this new approach goes far
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beyond any known technologies, and reaches for the first time the necessary precision to
look for new physics within the Planck scale expectation. Future extensions of IceCube such
as the IceCube-Upgrade and IceCube-Gen2 [59, 164] have the ability to greatly improve
the measurement of the astrophysical neutrino flavour. With more statistics and better
calibration, this analysis shows promise in being able to investigate Planck scale physics
at an unprecedented level, providing IceCube with a real discovery potential in the search
for new physics beyond the standard model and general relativity.
Chapter 5 focuses on the lower energy aspects of IceCube – IceCube-DeepCore and the
upcoming IceCube-Upgrade. Particle identification (PID) is difficult at these energies,
and so in this chapter an R&D project with the goal of using the pulse shape from a
single photomultiplier tube (PMT) to do PID between electromagnetic (EM) showering
particles and minimum ionizing particles (MIPs) is described. A PMT was floated inside
a tank filled with distilled water and using the beam provided by the Fermilab Test Beam
Facility, electrons and pions were shot into the tank at different energies. 2 GeV electron
and 8 GeV pion waveforms are compared as they deposit similar amounts of charge. The
primary pulse spread was used as a discriminator and it is shown that at low charge, there
is a discrimination that can be made between 2 GeV electrons and 8 GeV pions. Such
techniques can be applied to future neutrino telescopes focusing on low energy physics,
such as the IceCube-Upgrade.
Chapter 6 deals with the modelling of hadronization in the neutrino interaction gener-
ator genie [43], again at the few GeV regime of IceCube-DeepCore and the IceCube-
Upgrade. The possibility of upgrading the hadronization model from the outdated and
no longer supported pythia 6 [187] to the contemporary and rewritten C++ based model
of pythia 8 is presented. Both a direct translation of pythia 6 routines is carried out
and further improvements to the genie hadronization implementation are attempted by
allowing pythia 8 to handle the beam remnant structure, rather than relying on its own
ad-hoc model.
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A.1 Gain calculation from LED charge distribution
By looking at the charge distribution produced from the PMT using light from a flashing
LED, the gain can be estimated as will be shown in this section. This method is not
considered to be accurate however it does yield a quick result which for the purposes of
this thesis, is sufficient to be able to verify the stability of the beam test over time.
First, an estimate of the average number of PE liberated from the photocathode per LED
pulse is obtained. The distribution measured is the charge distribution, so firstly the
relationship between the charge and the number of PE can be written as:
Q = PE · g · C (A.1)
PE =
Q
g · C = N ·Q (A.2)
where Q is the charge, PE is the number of PE, g is the gain, C is the charge on a single
electron, i.e. 1.6× 10−19 C and N represents a normalisation factor. From this, it is seen
that the number of PE is proportional to the charge.
The number of PE is distributed as a Poisson distribution, and the charge distribution is
related to the PE through a normalisation N . Therefore, by looking at the ratio between
the mean µ and variance σ2 of the charge distribution, the average number of PE can be
estimated.
µ = N ·m σ = N · s (A.3)
(µ
σ
)2
=
m2
s2
(A.4)
where m is the mean and s2 is the variance of the PE distribution. Then from Poisson
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statistics,
m = s2 =⇒
(µ
σ
)2
=
m2
s2
(A.5)
∴ < PE >= m =
(µ
σ
)2
(A.6)
Note, throughout these calculations it is assumed there is no other source contributing to
the width of the charge distribution. Since the average number of PE is large, the charge
distribution can be approximated as a Gaussian, so µ and σ can be obtained from the
charge distribution by fitting it to a Gaussian, as demonstrated in Figure 5.10.
Q =
V · t
R
V · t = PE · g · C ·R (A.7)
=⇒ g = V · t
PE · C ·R (A.8)
where R is the impedance, which for the DDC2 is 150 Ω and t is the time. The product
V · t is the mean of the charge distribution.
V · t = µ (A.9)
Therefore, the gain can be estimated as being:
g =
V · t
PE · C ·R =⇒ g =
µ
(µ
σ
)2 · C ·R
(A.10)
158
A.2 Atmospheric neutrino LV exclusion regions
A.2 Atmospheric neutrino LV exclusion regions
Following from Section 3.3, the Figures A.1-A.6 show the exclusion regions in terms of the
three SME elements ◦c(d)µµ , Re(
◦
c
(d)
µτ ) and Im(
◦
c
(d)
µτ ). While 40 slices in
◦
c
(d)
µµ are shown for each
dimension, d = 3, 4, 5, 6, 7, 8, the full likelihood scan used 200 points in each dimension.
The closest visible value of the true best-fit point is displayed as the yellow star for each
dimension. Note that for dimension 3, the most extreme values for ◦c(d)µµ show plotting
artefacts due to very fast LV oscillations as described in Section 3.3.1 and the structure
here is more visible in the spherical representation of the SME elements.
Figures A.7-A.12 show the exclusion regions in terms of the spherical SME elements ρd,
cos(θ) and tan(φ) as defined in Figure 3.8. 20 slides in tan(φ) are shown for each dimension,
d = 3, 4, 5, 6, 7, 8, where the full likelihood scan used 100 points in each dimension. Once
again, the closest visible value of the true best-fit point is displayed as the yellow star for
each dimension.
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Figure A.1: SME exclusion regions at 90% (99%) confidence in red (blue) for dimension d = 3.
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Figure A.2: SME exclusion regions at 90% (99%) confidence in red (blue) for dimension d = 4.
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Figure A.3: SME exclusion regions at 90% (99%) confidence in red (blue) for dimension d = 5.
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Figure A.4: SME exclusion regions at 90% (99%) confidence in red (blue) for dimension d = 6.
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Figure A.5: SME exclusion regions at 90% (99%) confidence in red (blue) for dimension d = 7.
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Figure A.6: SME exclusion regions at 90% (99%) confidence in red (blue) for dimension d = 8.
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Figure A.7: SME exclusion regions at 90% (99%) confidence in red (blue) for dimension d = 3.
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Figure A.8: SME exclusion regions at 90% (99%) confidence in red (blue) for dimension d = 4.
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Figure A.9: SME exclusion regions at 90% (99%) confidence in red (blue) for dimension d = 5.
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Figure A.10: SME exclusion regions at 90% (99%) confidence in red (blue) for dimension d = 6.
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Figure A.11: SME exclusion regions at 90% (99%) confidence in red (blue) for dimension d = 7.
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Figure A.12: SME exclusion regions at 90% (99%) confidence in red (blue) for dimension d = 8.
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A.3 Astrophysical flavour exclusion regions
Following from Section 4.3, the Figures A.13-A.17 show the exclusion regions for the scale of
new physics (vertical axis) as a function of the source flavour composition (horizontal axis)
for certain new physics flavour textures. Green and blue shaded regions are excluded with
a strong strength-of-evidence (Bayes factor, B0/1 > 10) according to Jeffreys’ scale [101].
New physics scale is shown normalised to the Planck scale expectation, with the purple
line indicating the point below which Planck scale physics is being probed. The hashed
region shows the previous IceCube limit [72].
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Figure A.13: Exclusion regions for the dimension-three new physics operator.
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Figure A.14: Exclusion regions for the dimension-four new physics operator.
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Figure A.15: Exclusion regions for the dimension-five new physics operator.
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Figure A.16: Exclusion regions for the dimension-seven new physics operator.
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Figure A.17: Exclusion regions for the dimension-eight new physics operator.
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Lorentz symmetry is a fundamental spacetime symmetry underlying both the standard model of particle physics and general 
relativity. This symmetry guarantees that physical phenomena are observed to be the same by all inertial observers. However, 
unified theories, such as string theory, allow for violation of this symmetry by inducing new spacetime structure at the quan-
tum gravity scale. Thus, the discovery of Lorentz symmetry violation could be the first hint of these theories in nature. Here 
we report the results of the most precise test of spacetime symmetry in the neutrino sector to date. We use high-energy atmo-
spheric neutrinos observed at the IceCube Neutrino Observatory to search for anomalous neutrino oscillations as signals of 
Lorentz violation. We find no evidence for such phenomena. This allows us to constrain the size of the dimension-four operator 
in the standard-model extension for Lorentz violation to the 10 28−  level and to set limits on higher-dimensional operators in this 
framework. These are among the most stringent limits on Lorentz violation set by any physical experiment.
Very small violations of Lorentz symmetry, or Lorentz viola-tion (LV), are allowed in many ultrahigh-energy theories, including string theory1, non-commutative field theory2 and 
supersymmetry3. The discovery of LV could be the first indication 
of such new physics. Worldwide efforts are therefore underway to 
search for evidence of LV. The standard-model extension (SME) 
is an effective-field-theory framework to systematically study LV4. 
The SME includes all possible types of LV that respect other sym-
metries of the standard model such as energy–momentum conser-
vation and coordinate independence. Thus, the SME can provide 
a framework to compare results of LV searches from many differ-
ent fields such as photons5–8, nucleons9–11, charged leptons12–14 and 
 gravity15. Recently, neutrino experiments have performed searches 
for LV16–18. So far, all searches have obtained null results. The full list 
of existing limits from all sectors and a brief overview of the field are 
available elsewhere19,20. Our focus here is to present the most precise 
test of LV in the neutrino sector.
The fact that neutrinos have mass has been established by a 
series of experiments21–26. The field has incorporated these results 
into the neutrino standard model (νSM)—the standard model 
with three massive neutrinos. Although the νSM parameters are 
not yet fully determined27, the model is rigorous enough to be 
brought to bear on the question of LV. In the Methods, we briefly 
review the history of neutrino oscillation physics and tests of LV 
with neutrinos.
To date, neutrino masses have proved to be too small to be 
measured kinematically, but the mass differences are known 
via neutrino oscillations. This phenomenon arises from the fact 
that production and detection of neutrinos involves the fla-
vour states, while the propagation is given by the Hamiltonian 
eigenstates. Thus, a neutrino with flavour ν∣ α  can be writ-
ten as a superposition of Hamiltonian eigenstates ν∣ i ; that is, 
ν ν∣ = ∑ ∣α α= V E( )i i i13 , where V is the unitary matrix that diago-
nalizes the Hamiltonian and, in general, is a function of neutrino 
energy E. When the neutrino travels in vacuum without new phys-
ics, the Hamiltonian depends only on the neutrino masses, and 
the Hamiltonian eigenstates coincide with the mass eigenstates. 
Neutrino interferometry for high-precision tests 
of Lorentz symmetry with IceCube
The IceCube Collaboration*
That is, H = †U m m m Udiag( , , )
E
1
2 1
2
2
2
3
2  = m
E2
2
, where mi are the neu-
trino masses and U is the Pontecorvo–Maki–Nakagawa–Sakata 
matrix that diagonalizes the mass matrix m (ref. 27).
A consequence of the flavour misalignment is that a neutrino 
beam that is produced purely of one flavour will evolve to produce 
other flavours. Experiments measure the number of neutrinos 
of different flavours, observed as a function of the reconstructed 
energy of the neutrino, E, and the distance the beam has travelled, 
L. The microscopic neutrino masses are directly tied to the macro-
scopic neutrino oscillation length. In this sense, neutrino oscilla-
tions are similar to photon interference experiments in their ability 
to probe very small scales in nature.
Lorentz-violating neutrino oscillations
Here, we use neutrino oscillations as a natural interferometer with 
a size equal to the diameter of Earth. We look for anomalous fla-
vour-changing effects caused by LV that would modify the observed 
energy and zenith angle distributions of atmospheric muon neutri-
nos observed in the IceCube Neutrino Observatory28 (see Fig. 1). 
Beyond flavour change due to small neutrino masses, any hypo-
thetical LV fields could contribute to muon neutrino flavour con-
version. We therefore look for distortion of the expected muon 
neutrino distribution. As this analysis does not distinguish between 
a muon neutrino (νμ) and its antineutrino ( ̄νμ), when the word ‘neu-
trino’ is used, we are referring to both.
Past searches for LV have mainly focused on the directional 
effect in the Sun-centred celestial-equatorial frame19 by look-
ing only at the time dependence of physics observables as direc-
tion-dependent physics appears as a function of Earth’s rotation. 
However, in our case, we assume no time dependence, and instead 
look at the energy distribution distortions caused by direction- and 
time-independent isotropic LV. Isotropic LV may be a factor ~103 
larger than direction-dependent LV in the Sun-centred celestial-
equatorial frame if we assume that the new physics is isotropic in 
the cosmic microwave background frame20. It would be most opti-
mal to simultaneously look for both effects, but our limited statis-
tics do not allow for this.
*A full list of authors and affiliations appears in the online version of this paper.
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To calculate the effect, we start from an effective Hamiltonian 
derived from the SME4, which can be written as
≈ + − + − ⋯∘ ∘ ∘ ∘H m
E
a Ec E a E c
2
(1)
2 (3) (4) 2 (5) 3 (6)
The first term of equation (1) is from the νSM; however, its 
impact decreases at high energy. The remaining terms (å(3), ∘c(4), 
å(5) and so on) arise from the SME and describe isotropic Lorentz-
violating effects. The circle symbol on the top indicates isotropic 
coefficients, and the number in the bracket is the dimension of the 
operator. These terms are typically classified by charge, parity and 
time reversal (CPT) symmetry; CPT-odd (å(d)) and CPT-even (∘c(d)). 
Focusing on muon neutrino to tau neutrino (νμ → ντ) oscillations, all 
SME terms in equation (1) can be expressed as 2 × 2 matrices, such as
∘ =
∘ ∘
∘ −∘
μμ μτ
μτ μμ






c
c c
c c
(2)
*
(6)
(6) (6)
(6) (6)
Without loss of generality, we can define the matrices so that they 
are traceless, leaving three independent parameters, in this case: 
∘
μμc
(6)
, 
∘
μτcRe( )
(6)  and ∘μτcIm( )
(6) . The off-diagonal Lorentz-violating term ∘μτc
(6) 
dominates neutrino oscillations at high energy, which is the main 
interest of this paper. In this formalism, LV can be described by 
an infinite series, but higher-order terms are expected to be sup-
pressed. Therefore, most terrestrial experiments focus on search-
ing for effects of dimension-three and -four operators; å(3) and E  ∘c(4) 
respectively. However, our analysis extends to dimension-eight; that 
is, E2  å(5), E3  ∘c(6), E4  å(7) and E5  ∘c(8). Such higher orders are accessible 
by IceCube, which observes high-energy neutrinos where we expect 
an enhancement from the terms with dimension greater than four. 
In fact, some theories, such as non-commutative field theory2 and 
supersymmetry3, allow for LV to appear in higher-order operators. 
As an example, we expect dimension-six new physics operators 
of order ≈ − −10 GeV
M
1 38 2
P
2
, where MP is the Planck mass, which is 
the natural energy scale of the unification of all matter and forces 
including gravity. We assume that only one dimension is important 
at any given energy scale, because the strength of LV is expected to 
be different at different orders.
We use the νμ → ντ two-flavour oscillation scheme following 
ref. 29. This is appropriate because we assume there is no significant 
interference with νe. Details of the model used in this analysis are 
given in the Methods. The oscillation probability is given by
ν ν
λ λ
→ = −
−
μ τ μ μ τ τ





P V V V V L( ) 4 sin 2
(3)1 2 1 2
2 2 1
where Vαi are the mixing matrix elements of the effective 
Hamiltonian (equation (1)), and λi are its eigenvalues. Both mix-
ing matrix elements and eigenvalues are a function of energy, νSM 
oscillation parameters and SME coefficients.
The IceCube neutrino observatory
The IceCube Neutrino Observatory is located at the geographic 
South Pole30,31. The detector volume is one cubic kilometre 
of clear Antarctic ice. Atmospheric muon neutrinos interact-
ing on surrounding ice or bedrock may produce high-energy 
muons, which emit photons that are subsequently detected 
by digital optical modules (DOMs) embedded in the ice. The 
DOMs consist of a 25-cm-diameter Hamamatsu photomulti-
plier tube, with readout electronics, contained within a 36.5 cm 
glass pressure housing. These are installed in holes in the ice 
with roughly 125 m separation. There are 86 holes in the ice 
with a total of 5,160 DOMs, which are distributed at depths of 
1,450 m to 2,450 m below the surface, instrumenting 1 Gt of ice. 
The full detector description can be found in an earlier study31.
This detector observes Cherenkov light from muons produced 
in charged-current νμ interactions. Photons detected by the DOMs 
allow for the reconstruction of the muon energy and direction, 
which is related to the energy of the primary νμ. As the muons are 
above critical energy, their energy can be determined by measuring 
the stochastic losses that produce Cherenkov light. See earlier work28 
for details on the muon energy proxy used in this analysis. In the 
teraelectronvolt (TeV) energy range, these muons traverse distances 
of the order of kilometres, and have a small scattering angle due to 
the large Lorentz boost, resulting in 0.75° resolution on the recon-
structed direction at 1 TeV (ref. 32). We use up-going muon data of 
TeV-scale energy from two years of detector operation28 represent-
ing 34,975 events with a 0.1% atmospheric muon contamination.
analysis set-up
To obtain the prediction for LV effects, we multiply the oscilla-
tion probability, given in equation (3), with the predicted atmo-
spheric neutrino flux calculated using the matrix cascade equation 
(MCEq)33. These ‘atmospheric neutrinos’ originate from the decay 
of muons and various mesons produced by collisions of primary 
cosmic rays and air molecules, and consist of both neutrinos and 
antineutrinos. The atmospheric neutrinos have two main compo-
nents: ‘conventional’, from pion and kaon decay, and ‘prompt’, from 
charmed meson decay. The conventional flux dominates at ener-
gies less than 18 TeV because of the larger production cross-section, 
whereas the harder prompt spectrum becomes relevant at higher 
energy. In the energy range of interest, the astrophysical neutrino 
contribution is small. We include it modelled as a power law with 
normalization and spectral index, ~ ΦE−γ. The absorption of each 
flux component propagating through Earth to IceCube is properly 
modelled34,35. Muon production from νμ charged-current events at 
IceCube proceeds through deep inelastic neutrino interactions as 
calculated in ref. 36.
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Fig. 1 | Test of LV with atmospheric neutrinos. Muon neutrinos are produced 
in the upper atmosphere by the collisions of cosmic rays with air molecules. 
These atmospheric muon neutrinos pass through the entire Earth and 
are then detected by IceCube in Antarctica. The LV, indicated by arrows, 
permeates space and could induce an anomalous neutrino oscillation to tau 
neutrinos. Therefore, a potential signal of LV is the anomalous disappearance 
of muon neutrinos. Note, here we test only the isotropic component.
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The short distance of travel for horizontal neutrinos leads to 
negligible spectral distortion due to LV, whereas the long path 
length for vertical neutrinos leads to modifications. Therefore, 
if we compare the zenith angle distribution (θ) of the expecta-
tion from simulations and νμ data from cosθ = − 1.0 (vertical) to 
cosθ = 0.0 (horizontal) (see Fig. 1), then one can determine the 
allowed LV parameters. Figure 2 shows the ratio of transition prob-
abilities of vertical events to horizontal events. The data transition 
probability is defined by the ratio of observed events to expected 
events, and the simulation transition probability is defined by the 
expected events in the presence of LV to the number of events in 
the absence of LV. In the absence of LV, this ratio equals 1. Here, 
as an example, we show several predictions from simulations with 
different dimension-six LV parameters ∘μτc
(6) . In general, higher-
order terms are more important at higher energies. To assess the 
existence of LV, we perform a binned Poisson likelihood analysis 
by binning the data in zenith angle and energy. We use 10 linearly 
spaced bins in cosine of zenith angle from − 1.0 to 0.0 and 17 log-
arithmically spaced bins in reconstructed muon energy ranging 
from 400 GeV to 18 TeV. Systematic uncertainties are incorporated 
as nuisance parameters in our likelihood. We introduce six sys-
tematic parameters related to the neutrino flux prediction: nor-
malizations of conventional (40% error), prompt (no constraint) 
and astrophysical (no constraint) neutrino flux components; ratio 
of pion and kaon contributions for conventional flux (10% error); 
spectral index of primary cosmic rays (2% error); and astrophysi-
cal neutrino spectral index (25% error). The absolute photon 
detection efficiency has been shown to have negligible impact on 
the exclusion contours in a search for sterile neutrinos that uses 
an equivalent analysis technique for a subset of the IceCube data 
considered here34,37. The impact of light propagation model uncer-
tainties on the horizontal to vertical ratio is less than 5% at a few 
TeV, where this analysis is most sensitive35. Thus, the impact of 
these uncertainties on the exclusion contours is negligible.
To constrain the LV parameters, we use two statistical techniques. 
First, we performed a likelihood analysis by profiling the likelihood 
over the nuisance parameters per set of LV parameters. From the 
profiled likelihood, we find the best-fit LV parameters and derive 
the 90% and 99% confidence levels (CLs) assuming Wilks’s theorem 
with three degrees of freedom37. Second, we set the priors to the 
nuisance parameter uncertainties and scan the posterior space of 
the likelihood by means of a Markov chain Monte Carlo (MCMC) 
method38. These two procedures are found to be complementary, 
and the extracted LV parameters agree with the null hypothesis. For 
simplicity, we present the likelihood results in this paper and show 
the MCMC results in the Methods.
results
Figure 3 shows the excluded region of dimension-six SME 
coefficients. The results for all operators are available in the 
Supplementary Information. The fit was performed in a three-
dimensional phase space; however, the complex phase of the off-
diagonal terms is not important at high energy, and we choose the 
following representation methods. The horizontal axis shows the 
strength of LV, ρ6 ≡ ∘ + ∘ + ∘μμ μτ μτc c c( ) Re( ) Im( )
(6) 2 (6) 2 (6) 2 , and the verti-
cal axis represents a fraction of the diagonal element, ρ∘ ∕μμc
(6)
6. The 
best-fit point shown by the marker is compatible with the absence 
of LV; therefore, we present 90% CL (red) and 99% CL (blue) 
exclusion regions. The contour extends to small values, beyond 
the phase space explored by previous analyses16–18. The leftmost 
edge of our exclusion region is limited by the small statistics of 
high-energy atmospheric neutrinos. The rightmost edge of the 
exclusion region is limited by fast LV-induced oscillations that 
suppress the flux but lead to no shape distortion. This can be con-
strained only by the absolute  normalization of the flux. In the case 
of the  dimension-three  operator, the right edge can be excluded 
by other atmospheric neutrino oscillation measurements18,39. We 
have studied the applicability of Wilks’s theorem via simulations. 
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Fig. 2 | The ratio of vertical to horizontal neutrino transition probabilities 
at IceCube. Here, vertical events are defined by cosθ ≤  − 0.6 and the 
horizontal events are defined by cosθ >  − 0.6. The transition probability 
ratio with 1 s.d. statistical errors (error bars), extracted from the data, is 
compared to the prediction for various dimension-six operator values. The 
range of uncorrelated systematic uncertainties is shown as a light grey 
band. This is constructed from ensembles of many simulations where the 
nuisance parameters are varied within their uncertainties.
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Fig. 3 | The excluded parameter space region for the dimension-six sMe 
coefficients. The figure shows the exclusion region of the dimension-six 
SME coefficients in the space of two parameters: ρ6 and ∘ ρ∕μμc
(6)
6
. Here, 
ρ6 ≡   ∘ ∘ ∘+ +μμ μτ μτc c c( ) Re( ) Im( )
(6) 2 (6) 2 (6) 2  (horizontal axis) and ∘ ρ∕μμc
(6)
6
 (vertical 
axis) are a combination of the three SME coefficients: ρ represents LV 
strength, and ∘ ρ∕μμc
(6)
6
 represents a fraction of the diagonal element, while the 
subscript 6 indicates the dimension. In the white region, LV is allowed.  
The best-fit point of this sample for this operator is shown by the black cross. 
The blue and red regions are excluded at 99% CL and 90% CL, respectively.
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Near-degenerate real and imaginary parameters reduce the 
expected degrees of freedom from three and the results here are 
interpreted as conservative confidence intervals.
Unlike previous results16–18, this analysis includes all parameter 
correlations, allowing for certain combinations of parameters to 
be unconstrained. This can be seen near ρ∘ ∕μμc
(6)
6 = − 1 and 1, where 
LV is dominated by the large diagonal component. This induces 
the quantum Zeno effect40, where a neutrino flavour state is 
‘arrested’ in one state by a continuous interaction with a LV field 
suppressing flavour transitions. Thus, the unshaded regions below 
and above our exclusion zone are very difficult to constrain with 
terrestrial experiments.
Table 1 summarizes the results of this work along with repre-
sentative best limits. A comprehensive list of LV tests is available 
in ref. 19. To date, there is no experimental indication of LV, and 
all of these experiments have maximized their limits by assuming 
that all but one of the SME parameters are zero19. Therefore, to 
make our results comparable with previous limits, we adopt the 
same convention. For this, we set the diagonal SME parameters 
to zero and focus on setting limits on the off-diagonal elements. 
Table 1 | Comparison of attainable best limits of sMe coefficients in various fields
Dimension Method Type sector Limits reference
Three Cosmic microwave background 
polarization
Astrophysical Photon ~10−43 GeV 5
He–Xe co-magnetometer Tabletop Neutron ~10−34 GeV 10
Torsion pendulum Tabletop Electron ~10−31 GeV 12
Muon g− 2 Accelerator Muon ~10−24 GeV 13
Neutrino oscillation Atmospheric Neutrino ∣ ∘ ∣ ∣ ∘ ∣μτ μτa aRe( ) , Im( )
(3) (3)
< ×
< ×
−
−
2.9 10 GeV(99% CL)
2.0 10 GeV(90% CL)
24
24
This work
Four Gamma-ray-burst (GRB) vacuum 
birefringence
Astrophysical Photon ~10−38 6
Laser interferometer Gravitational-wave 
observatory
Photon ~10−22 7
Sapphire cavity oscillator Tabletop Photon ~10−18 8
Ne–Rb–K co-magnetometer Tabletop Neutron ~10−29 11
Trapped Ca+ ion Tabletop Electron ~10−19 14
Neutrino oscillation Atmospheric Neutrino ∘ ∣ ∘ ∣μτ μτc cRe( ), Im( )
(4) (4)
< ×
< ×
−
−
3.9 10 (99% CL)
2.7 10 (90% CL)
28
28
This work
Five GRB vacuum birefringence Astrophysical Photon ~10−34 GeV−1 6
Ultrahigh-energy cosmic ray Astrophysical Proton ~10−22 to 10−18 GeV−1 9
Neutrino oscillation Atmospheric Neutrino ∣ ∘ ∣ ∣ ∘ ∣μτ μτa aRe( ) , Im( )
(5) (5)
< ×
< ×
− −
− −
2.3 10 GeV (99% CL)
1.5 10 GeV (90% CL)
32 1
32 1
This work
Six GRB vacuum birefringence Astrophysical Photon ~10−31 GeV−2 6
Ultrahigh-energy cosmic ray Astrophysical Proton ~10−42 to 10−35 GeV−2 9
Gravitational Cherenkov radiation Astrophysical Gravity ~10−31 GeV−2 15
Neutrino oscillation Atmospheric Neutrino ∣ ∘ ∣ ∣ ∘ ∣μτ μτc cRe( ) , Im( )
(6) (6)
< ×
< ×
− −
− −
1.5 10 GeV (99% CL)
9.1 10 GeV (90% CL)
36 2
37 2
This work
Seven GRB vacuum birefringence Astrophysical Photon ~10−28 GeV−3 6
Neutrino oscillation Atmospheric Neutrino ∣ ∘ ∣ ∣ ∘ ∣μτ μτa aRe( ) , Im( )
(7) (7)
< ×
< ×
− −
− −
8.3 10 GeV (99% CL)
3.6 10 GeV (90% CL)
41 3
41 3
This work
Eight Gravitational Cherenkov radiation Astrophysical Gravity ~10−46 GeV−4 15
Neutrino oscillation Atmospheric Neutrino ∣ ∘ ∣ ∣ ∘ ∣μτ μτc cRe( ) , Im( )
(8) (8)
< ×
< ×
− −
− −
5.2 10 GeV (99% CL)
1.4 10 GeV (90% CL)
45 4
45 4
This work
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The details of the procedure used to set limits are given in the 
Supplementary Information.
Let us consider the limits from the lowest to highest order. 
Dimension-three and -four operators are included in the  renormalizable 
sector of SME. These are the main focus of experiments using photons7,8, 
nucleons10,11 and charged leptons12–14. Going beyond terrestrial experi-
ments, limits arising from astrophysical observations provide strong 
constraints5,6. Among the variety of limits coming from the neutrino 
sector, the attainable best limits are dominated by atmospheric neutrino 
oscillation analyses16–18, where the longest propagation length and the 
highest energies enable us to use neutrino oscillations as the biggest 
interferometer on Earth. The results from our analysis surpass past ones 
due to the higher statistics of high-energy atmospheric neutrinos and 
our improved control of systematic uncertainties. Using a traditional 
metric, which assumes neutrinos to be massless, we can recast our result 
as an upper limit on any deviation of the speed of massless neutrinos 
from the speed of light due to LV. That is less than 10−28 at 99% CL. This 
is about an order-of-magnitude improvement over past analyses16–18, 
and is of the same order as the deviation in speed that is expected due to 
the known neutrino mass at the energies relevant for this analysis.
Searches of dimension-five and higher LV operators are domi-
nated by astrophysical observations6,9,15. Among them, ultrahigh-
energy cosmic rays have the highest measured energy41 and are used 
to set the strongest limits on dimension-six and higher operators9. 
However, these limits are sensitive to the composition of ultrahigh-
energy cosmic rays, which is currently uncertain20,42. These limits 
assume that the cosmic rays at the highest energies are protons, but 
if they are in fact iron nuclei, then the ultrahigh-energy cosmic ray 
limits are significantly reduced. Our analysis sets the most stringent 
limits in an unambiguous way across all fields for the dimension-
six operator. Such high-dimension operators are generic signatures 
of new physics43. For example, the dimension-five operator is an 
attractive possibility to produce neutrino masses, and dimension-
six operators represent new physics interactions that can, for 
example, mediate proton decay. Although LV dimension-six opera-
tors, such as ∘μτc
(6), are well motivated by certain theories including 
non-commutative field theory2 and supersymmetry3, they have so 
far not been probed with elementary particles due to the lack of 
available high-energy sources. Thus, our work pushes boundaries 
on new physics beyond the standard model and general relativity.
Conclusion
We have presented a test of LV with high-energy atmospheric muon 
neutrinos from IceCube. Correlations of the SME coefficients are 
fully taken into account, and systematic errors are controlled by the 
fit. Although we did not find evidence for LV, this analysis provides 
the best attainable limits on SME coefficients in the neutrino sector 
along with limits on the higher-order operators. Comparison with 
limits from other sectors reveals that this work provides among the 
best attainable limits on dimension-six coefficients across all fields: 
from tabletop experiments to cosmology. This is a remarkable point 
that demonstrates how powerful neutrino interferometry can be in 
the study of fundamental spacetime properties.
Further improvements on the search for LV in the neutrino sector 
using IceCube will be possible when the astrophysical neutrino sample 
is included44. Such analyses45,46 will require a substantial improvement 
of detector and flux systematic uncertainty evaluations47,48. In the near 
future, water-based neutrino telescopes such as KM3NeT49 and the ten-
times-larger IceCube-Gen250 will be in a position to observe more astro-
physical neutrinos. With the higher statistics and improved sensitivity, 
these experiments will have an enhanced potential for discovery of LV.
Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41567-018-0172-2.
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Methods
Neutrino oscillations and tests of LV. The field of neutrino oscillations has 
been developed through a series of measurements of solar51–55, atmospheric56–58, 
reactor59–62 and accelerator neutrinos57,63,64. In the early days, the cause of 
neutrino oscillations was not precisely known, and LV was suggested as a 
possible source of neutrino flavour anomalies65 and so tests of LV with high-
energy astrophysical sources started to generate a lot of interest66. Subsequently, 
the L/E dependence of standard neutrino oscillations was measured56. As the 
neutrino mass term in the effective Hamiltonian has a 1/E energy dependence, 
it was a strong indication that a non-zero neutrino mass is in fact the cause 
of neutrino oscillations, not LV. Then, the focus of the community shifted to 
consider LV to be a second-order effect in neutrino oscillations, and so neutrino 
oscillation data have been used to look for small deviations due to LV from the 
standard neutrino mass oscillations.
One approach to look for LV is to use a model-independent effective field 
theory, such as the SME67–69. The SME is widely used in communities from low-
energy tabletop experiments to high-energy particle physics and cosmology, 
to search for LV. This formalism incorporates various fundamental features 
of quantum field theories, such as energy–momentum conservation, observer 
Lorentz transformations and spin statistics; however, it includes violations of 
particle Lorentz transformations. A number of neutrino oscillation data sets 
have been analysed using this formalism, including LSND70, MiniBooNE71, 
MINOS72–75, Double Chooz76,77, SNO78 and T2K79, as well as the aforementioned 
IceCube-40 and Super-Kamiokande. These experiments can be classified into 
two groups. First, the presence of a direction-dependent field induces direction-
dependent physics. In particular, neutrino beam lines are fixed and so such 
direction-dependent physics would show up as a time-dependence of neutrino 
oscillation data70–76,78,79. Second, a search of LV is possible even without assuming 
the presence of a spatial component (that is, no time-dependent physics), by 
utilizing distortions of the spectrum77. The results presented here are based on 
this second approach.
Neutrino oscillation formula. Here, we illustrate how to calculate the oscillation 
probability for the case with non-zero isotropic LVs, such as å(d) and ∘c(d). The 
effective Hamiltonian relevant for oscillation is given by
∑≈ + ∘ −∘
≥
−H m
E
E a c
2
( )
d
d d d
2
3
3 ( ) ( )
Note that å(d) are non-zero for d = odd, and ∘c(d) are non-zero for d = even. 
We assume that either one of them is non-zero. We use the νμ → ντ two-flavour 
approximation that allows us to solve the time-dependent Schrödinger equation 
analytically to derive the neutrino oscillation formula with neutrino masses and 
LV. This choice is allowed because a large matter potential ‘arrests’ νe (quantum 
Zeno effect40) and prevent transitions from νμ. As the matter potential of νe is 
much bigger than that due to LV effects, the size of LV that we consider here 
hardly induces any νμ → νe transition. Our choice of the two-flavour oscillation 
model does not diminish the strength of our constraints on parameters in the 
νμ − ντ block matrix with respect to a full three-flavour calculation. Hence, the 
mass matrix m2 can be diagonalized to =M m mdiag( , )2 2
2
3
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By adding Ed−3(å(d) − ∘c(d)), this 2 × 2 Hamiltonian can be diagonalized with two 
eigenvalues, λ1 and λ2. Here, we define λ2 > λ1. Then the oscillation formula is
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In the high-energy limit, the neutrino mass effect is negligible in comparison to 
Lorentz-violating effects,
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Here we use ρd ≡ ∘ + ∘ + ∘μμ μτ μτa a a( ) Re( ) Im( )
d d d( ) 2 ( ) 2 ( ) 2  or ∘ + ∘ + ∘μμ μτ μτc c c( ) Re( ) Im( )
d d d( ) 2 ( ) 2 ( ) 2 ,  
which represents the strength of LV. Then, ρ∘ ∕μμa
d
d
( )
 and ρ∘ ∕μμc
d
d
( )
 become fractions 
of diagonal terms that are bounded between − 1 and + 1. The result suggests that 
there are no LV neutrino oscillations without off-diagonal terms and that the LV 
oscillations are symmetric between the real and imaginary parts of the off-diagonal 
SME parameters.
Bayesian framework. The main results of this paper are extracted using Wilks’s 
theorem so as to be directly comparable with frequentist results reported by 
other neutrino experiments. For completeness, we have also performed a 
Bayesian analysis that uses a joint distribution over the nine systematic and LV 
parameters. This joint distribution is constructed from the same likelihood and 
prior distributions used in the frequentist analysis, except that we also added 
conservative constraints on all flux normalizations to avoid a strong prior range 
dependence. The Bayesian study is presented in two results (see Supplementary 
Fig. 1), which were both generated by the EMCEE MCMC software package38. 
First, we constructed the 99% exclusion credibility region from a sampling of 
the joint distribution, with two different treatments on nuisance parameters. 
Second, we extracted the result based on the Bayes factor of marginalizing the 
likelihood over nuisance parameters using the MultiNest algorithm80. These 
studies highlight the differences in results obtained using different treatments of 
nuisance parameters.
Data availability. The data that were used in this study are available in the IceCube 
Public Data Access ‘Astrophysical muon neutrino flux in the northern sky with 2 
years of IceCube data’28 (http://icecube.wisc.edu/science/data/).
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Abstract
Next-generation neutrino oscillation experiments utilize details of hadronic
final states to improve the precision of neutrino interaction measurements. The
hadronic system was often neglected or poorly modeled in the past, but they
have significant effects on high precision neutrino oscillation and cross-section
measurements. Among the physics of hadronic systems in neutrino interac-
tions, the hadronization model controls multiplicities and kinematics of final
state hadrons from the primary interaction vertex. For relatively high invariant
mass events, many neutrino experiments rely on the PYTHIA program. Here,
we show a possible improvement of this process in neutrino event generators,
by utilizing expertise from the HERMES experiment. Finally, we estimate the
impact on the systematics of hadronization models for neutrino mass hierarchy
analysis using atmospheric neutrinos such as the PINGU experiment.
Keywords: neutrino cross section, hadronization, PYTHIA, GENIE
(Some figures may appear in colour only in the online journal)
1. Introduction, future long baseline neutrino oscillation experiments
Neutrino oscillations are functions of the neutrino baseline L, and neutrino energy Eν. By
optimizing factors such as cost, neutrino production, and detection processes, typical oscil-
lation experiments often choose L ∼ 100–1000 km and Eν∼ 1–10 GeV. Some examples
include T2K [1], which uses a 600MeV off-axis J-PARC neutrino beam [2], and NOvA [3],
which uses a 2 GeV off-axis NuMI beam [4]. Their flux peaks are tuned to quasielastic and
resonance dominant regions in order to perform neutrino oscillation measurements. There-
fore, in the past few years, the neutrino interaction community has spent a significant amount
of time trying to understand the physics at these energy regions [5–8], especially after the
discovery of the importance of two-body current in neutrino physics [9–11].
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Although off-axis beams from J-PARC and NuMI are tuned to narrow 600 MeV and
2 GeV peaks, off-axis neutrino beams made from wide-band decay-in-flight mesons have
long high-energy tails, and the contribution from large W interactions is always present. For
example, multi-pion production processes contribute significant amounts in single pion
production measurements at T2K [12], and NOvA [3] uses hadronic shower information to
reconstruct the neutrino energy. On top of that, future long baseline oscillation experiments,
such as PINGU [13], ORCA [14], Hyper-Kamiokande [15], and DUNE [16] are trying to use
hadronic information from the atmospheric neutrino interactions around 2–20 GeV. Therefore
correct modeling of hadronization processes is an important subject for current and future
neutrino oscillation experiments.
In this paper, we study how the hadronization model based on PYTHIA can be improved
by utilizing HERMES expertise for current and future neutrino oscillation experiments. In
sections 2 and 3, we introduce the PYTHIA hadronization simulator and the GENIE neutrino
interaction generator, two of the most important tools in our studies. Then we briefly discuss
the HERMES experiment in section 4. Our main results are described in sections 5–8. Finally,
in section 9, we demonstrate the impact of hadronization models for the PINGU experiment.
2. PYTHIA, the standard hadronization model
The PYTHIA Monte Carlo (MC) generator [17, 18] is regarded as one of the standard
hadronization tools for high energy physics experiments. Fragmentation in PYTHIA is
described by the Lund string fragmentation model, which is a model based on the dynamics
of one-dimensional relativistic strings that are stretched between colored partons. These
strings represent the color flux and, in particular, subject to a linear confinement potential. The
hadronization process is described by break-ups in the strings through the production of new
quark–antiquark pairs. An iterative approach is used to perform the fragmentation as each
break up is causally disconnected. The production rate of the created qq̄ pair is determined
using the tunneling mechanism, which leads to a Gaussian spectrum of the transverse
momentum, p p p ,x y
2 2 2( )= +^ for the produced hadron. The fraction of E + pz taken by the
produced hadron is given by the variable z, defined by the hadron energy E and energy
transfer ν (z = E/ν). An associated fragmentation function f(z) gives the probability that a
given z is chosen. The simplified Lund symmetric fragmentation function is given by
f z z z
bm
z
1 exp . 1a1
2
( ) ( ) · ( )⎛⎝⎜
⎞
⎠⎟µ -
-- ^
Here, m2^ is the transverse mass of the hadron (m m p
2 2 2º +^ ^). The Gaussian term describes
quantum tunneling in the transverse direction, and tunable ‘Lund a’ and ‘Lund b’ parameters
decide the longitudinal distribution of energy. Thus, these two parameters mainly decide how
to distribute available energy to the produced hadrons. Figure 1 shows the Lund symmetric
function. Larger Lund a and smaller Lund b parameters shift the fragmentation function to a
lower z region. The values of these parameters are obtained from the shapes of the measured
fragmentation functions, and the default values of Lund a and Lund b in PYTHIA6.3 are 0.3
and 0.58 GeV c 2- , respectively.
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3. GENIE AGKY model
GENIE is a ROOT-based neutrino interaction MC generator [19]. In the few-GeV energy
regions which are particularly important in oscillation experiments, GENIE employs a new
hadronization model called the AGKY model [20, 21].
The AGKY model is split into two parts. At lower energy regions where PYTHIA
hadronization models deteriorate, a phenomenological description based on the Koba–
Nielson–Olesen (KNO) scaling law is used [22]. First, averaged charged hadron multiplicity
data are fitted to a function of invariant mass squared, W2, in order to extract the parameters
ach and bch,
n a b Wlog , 2ch ch ch 2· ( )= +
then, the total averaged hadron multiplicity is deduced to be n n1.5 .tot ch= In this way,
averaged hadron multiplicity is assigned for any interaction. To simulate the actual hadron
multiplicity for each interaction, the KNO scaling law is used. The KNO scaling law relates
the dispersion of hadron multiplicity at different invariant masses with a universal scaling
function f n n ,( )
n P n f
n
n
, 3( ) ( )⎛⎝⎜
⎞
⎠⎟´ =
where n is the averaged hadron multiplicity and P(n) is the probability of generating n
hadrons. The scaling function is parameterized by the Levy function
L z c
c
cz
,
2e
1
, 4
c cz 1( ) ( ) ( )= G +
- +
z n n= and an input parameter c. The input parameter is used to tune the function to agree
with data, which is mainly taken from the Fermilab 15-foot Bubble Chamber experiment [23].
Although more recent hadron multiplicity data are available from CHORUS [24], the heavy
target data require more sophisticated final state interaction models to access to the primary
hadron multiplicity information, and we do not take these into account in this article.
At higher energy regions the AGKY model gradually transitions from the KNO scaling-
based model to PYTHIA, as discussed previously. A transition window based on the value of
the invariant hadronic mass W is used, over which the fraction of events hadronized using the
Figure 1. The Lund symmetric fragmentation function (equation (1)) for different
values of Lund a and Lund b. The parameter is altered while keeping all other
variables fixed.
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PYTHIA (KNO) model increases (decreases) linearly. The default values used in the AGKY
model are
• W < 2.3 GeV c 2- , KNO scaling-based model only region,
• 2.3 GeV c 2- < W < 3.0 GeV c 2- , transition region, and
• 3.0 GeV c 2- < W, PYTHIA only region.
Figure 2 shows this situation graphically. This is the W distribution for nm-water inter-
actions simulated with GENIE. Here, we used a simple formula to model the atmospheric nm
neutrino spectrum [25, 26], described later. As you can see, the W-distribution in this energy
region can be split into three main interaction modes, quasi-elastic (red hatched, left peak),
resonance (blue hatched, middle), and DIS (green hatched, right). The AGKY model is
applied to DIS interactions. Also note DIS is extended to the low W region to describe non-
resonance interactions in the resonance region. Although charm production processes are
possible at the high energies, contributions are minor and throughout this article we ignore
charm production processes.
All studies in this paper use GENIE version 2.8.0, also figures 3–7 are generated by the
hadronization validation tool in GENIE.
4. HERMES experiment
HERMES is a fixed target experiment at DESY [27]. The ring stores 27.6 GeV electrons or
positrons, and collisions take place in the HERMES gas-jet target.
The HERMES experiment has a long history of tuning PYTHIA for their purposes. The
main motivation of this is because the default PYTHIA parameters are tuned to higher energy
e+ −e−experiments ( s 35 GeV~ ) and are not quite suitable for HERMES. Since modern
neutrino oscillation experiments are also lower energy (1–10 GeV) compared with collider
experiments, it is interesting to test the PYTHIA developed for the HERMES experiment
within GENIE. Various alterations have been applied to PYTHIA by HERMES collaborators
Figure 2. W distribution of nm-water target interaction in GENIE. For the flux, we use
an atmospheric nm neutrino spectrum. Left red hatched region is quasi-elastic scattering,
middle hatched region is resonance interactions, and right green hatched region is from
DIS. The W distribution can be split to three regions, KNO scaling-based model only
region, PYTHIA only region, and the transition region.
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Figure 4. Averaged charged hadron multiplicity plot. Here, two predictions from
GENIE are compared with bubble chamber pn̄ -m hadron production data [39].
Figure 5. xF distribution for p+ and p- from nm − p interactions [40]. Again, modified
PYTHIA has a better agreement with data.
Figure 3. Averaged charged hadron multiplicity plot. Here, two predictions from
GENIE are compared with bubble chamber nm − p and nm − n hadron production
data [23, 32].
J. Phys. G: Nucl. Part. Phys. 42 (2015) 115004 T Katori and S Mandalia
5
A Appendix
192
and, among them, we are most interested in the adjustment to the fragmentation model made
by tuning PYTHIA parameters without modifying the source code.
Parameter sets developed by HERMES collaborators are available elsewhere (for
example, [28–31]). Table 1 summarizes the parameter sets we studied (Lund-scan, Δq(x),
2004c), as well as their default values in PYTHIA and GENIE. In the second column, the
default PYTHIA parameters are shown fully while the second to the sixth columns are shown
only if the parameters have been changed from the default PYTHIA values. In this article, we
focus on the parameter set called ‘Lund-scan’ [29], which we found had the best agreement
with neutrino hadron production data.
Note we only tested PYTHIA parameters which are publicly available; however,
HERMES also made modifications to the source code of PYTHIA itself. Therefore, in this
paper we are not testing with the exact hadronization model used in the HERMES experi-
ment. Also ‘default GENIE’ quoted in this paper is not GENIE with default PYTHIA 6.3
parameters, since by default, GENIE modified the three parameters listed in table 1: however,
Figure 7. Topological cross sections of charged hadrons for nm − p interaction. In both
plots, data points are from deuteron target bubble chamber experiments [23]. In the left
plot, PYTHIA is turned off and data are compared with GENIE with only the KNO
scaling-based hadronization model. On the other hand, in the right plot, hadronization
is solely handled by PYTHIA.
Figure 6. Averaged neutral pion multiplicity plot. Here, two predictions from GENIE
are compared with bubble chamber nm − p, nm − n, pn̄ -m , and nn̄ -m ◦p production
data [41–44].
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Table 1. Parameter values for data sets Δq(x) [28], Lund-scan [29] and 2004c [30] along with the default PYTHIA and GENIE values. Blank
cells represent that the parameter takes on the default PYTHIA value.
Parameter PYTHIA GENIE Lund-scan Δq(x) 2004c Descriptions
PARJ1 0.10 0.02 0.029 di-quark suppression
PARJ2 0.30 0.21 0.25 0.20 0.283 strange quark suppression
PARJ11 0.50 0.51 light vector meson suppression
PARJ12 0.60 0.57 strange vector meson suppression
PARJ21 0.36 0.44 0.42 0.37 0.38 width of Gaussian p̂ distribution
PARJ23 0.01 0.03 non-Gaussian tail of p̂ distribution
PARJ33 0.80 0.20 0.47 string breaking mass cutoff
PARJ41 0.30 0.68 1.74 1.94 Lund a parameter
PARJ42 0.58 0.35 0.23 0.544 Lund b parameter
PARJ45 0.50 0.74 1.05 adjustment of Lund a for di-quark
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we confirm the difference in predictions between the default GENIE and the GENIE with the
default PYTHIA parameters is very small within our studies.
5. Averaged charged hadron multiplicity
Averaged charged hadron multiplicity data is fundamental in the development of hadroni-
zation models. It describes the average number of charged hadrons, mainly p+ and p-,
measured as a function of invariant hadron mass W. Neutrino hadronization models are
largely guided by such data from bubble chamber experiments. Recently, Kuzmin and
Naumov performed detailed surveys of neutrino bubble chamber data, and chose the best sets
of data to tune their model [33]. It is shown that all modern neutrino interaction generators,
such as GENIE [19], NuWro [34], and GiBUU [35], all appear to underestimate averaged
charged hadron multiplicity. Note, it is also shown that the NEUT neutrino interaction
generator [36], which is used by T2K and Super-Kamiokande, also underestimates averaged
charged hadron multiplicity [12].
This problem largely originates from the PYTHIA fragmentation model, because, as
mentioned in the previous section, the default PYTHIA parameters are tuned to higher energy
experiments. Both GENIE and NuWro [37] tuned these PYTHIA parameters to improve the
agreement with data but the effect is marginal. Note NuWro and GiBUU use their own
models for fragmentation, and only later processes are based on PYTHIA.
Figure 3 shows the data-MC comparison of the averaged charged hadron multiplicity in
nm − p and nm − n interactions. Here, the two curves represent predictions from default
GENIE and GENIE with a PYTHIA modified using the Lund-scan parameter set [29]. Note,
because the W < 2.3 GeV c 2- range of the AGKY model is hadronized using the KNO
scaling-based model, these two curves should be identical at W < 2.3 GeV c 2- . As you can
see, the HERMES tune describes the data better. Here, two data sets from the Fermilab
Bubble Chamber and BEBC agree in nm − n interactions (both deuterium targets) but not in nm
− p data (hydrogen and deuterium target), suggesting the conflict of data we see in figure 3 is
due to nuclear effects in deuterium [20, 21, 33, 38]. Despite the conflict of data, the HERMES
parameterization in general increases the averaged charged hadron multiplicity, which
improves the agreement with averaged charged hadron multiplicity data from neutrino bubble
chamber experiments.
Figure 4 is the same plot for pn̄ -m interactions. Again, the agreement with the data is
better for GENIE with the modified PYTHIA parameter set. Therefore, this new parameter set
works better for both neutrino and antineutrino interactions.
The main effect of this new parameterization originates from the increase of the Lund a
parameter and the decrease of the Lund b parameter (equation (1)). As shown in figure 1,
these changes make the fragmentation function softer. This enhances emissions of soft
hadrons, i.e., this increases averaged charged hadron multiplicity and thus it agrees better with
data. In the higher energy experiments that PYTHIA is designed for, high order QCD effects
cause additional low energy parton emissions. This causes hadrons to be produced with a
broader spectrum in z. Because these effects are negligible for the neutrino experiments we
are concerned with, we shift the peak of the fragmentation function to a lower z value by
increasing (decreasing) the Lund a (b) parameter [30].
In fact, all parameterization schemes from HERMES we checked (table 1) have a high
(low) Lund a (b) parameter, and many have more extreme values than the ones we use here.
However, these higher (lower) Lund a (b) parameter models tend to overestimate hadron
multiplicities compared to neutrino hadron production data from bubble chamber experiments
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and as a result the data-MC agreement becomes worse. The neutrino hadronization data prefer
a relatively smaller Lund a parameter than most HERMES parameter sets, yet bigger than the
default PYTHIA choice, and this is the main reason why we chose this specific para-
meterization scheme in this paper.
6. xF distribution
Feynman x, xF, is the fraction of longitudinal momentum available for a hadron, defined in the
hadronic center mass system, i.e., x
P
P
P
W
2
,L
L
L
F
max
*
*
*
= ~ here asterisks stand for the hadron
c.m.s. Figure 5 shows the data-MC comparison. The agreement of modified PYTHIA with
bubble chamber data is excellent for both p+ and p- data. Therefore the tuning we applied is
valid not only for averaged charged hadrons, but also valid for positive and negative hadrons
separately.
7. Averaged neutral pion multiplicity
In figure 6, predictions are compared with the averaged ◦p multiplicity. Here the data from nm
and n̄m interactions are from various targets [41–44]. Although the data here have larger errors,
now the default GENIE has a better agreement with the data. The ratio of the number of
produced charged pions and neutral pions is strongly tied due to isospin symmetry, i.e. N(p+)
+ N(p-) : N( ◦p ) = 2 : 1. Thus, if we increase the charged hadron multiplicity, the model will
also have higher multiplicities of neutral pions. The charged pion and neutral pion multiplicity
ratio is 2:1 in BEBC neon target bubble chamber data [41], however, this relationship is not
obvious in other bubble chamber data. As we see from figures 3 and 6, it is not easy to
achieve good agreements with both charged hadron and neutral pion multiplicities by tuning
PYTHIA parameters. On the other hand, PYTHIA shows excellent agreements in both
charged and neutral pion fragmentation functions with HERMES data [27, 45].
8. Topological cross sections
In the low W region, PYTHIA does not predict the multiplicity properly. In GENIE, the
AGKY model uses a phenomenological approach based on KNO scaling [22], where dis-
persion is assumed to follow a scaling law as data suggest. Thus, by definition, the AGKY
model has a better data-MC agreement for the dispersion of the multiplicity in the low W
region. This is not the case in PYTHIA, where physics is simulated from a more first
principles approach, which is based on quark–diquark fragmentation. By tuning PYTHIA
parameters, the data-MC agreement of the averaged charged hadron multiplicity can be
improved, but it is not easy to fully correct the dispersion.
Figure 7 shows the data-MC comparisons of the topological cross sections of charged
hadrons, that is, the fraction of final particle topologies of a given interaction as function of
invariant mass. In both plots, the GENIE predictions are compared with deuteron target
nm − p data from the Fermilab 15-foot Bubble Chamber experiment [23]. In the left plot, the
hadronization model in GENIE is solely carried out by the KNO scaling-based model. Since
the KNO scaling-based approach is designed to reproduce the dispersion data, GENIE can
make the large multiplicities, such as n = 6, n = 8, etc, as data suggested. On the other hand,
in the right plot, the GENIE hadronization model solely depends on PYTHIA. In this case, we
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see PYTHIA has problems reproducing large hadron multiplicity events. Therefore, the
combination of KNO scaling-based model and PYTHIA cannot make smooth topological
cross sections. This indicates the dispersion of hadron multiplicity reproduced by PYTHIA is
smaller than the data.
High resolution liquid argon time projection chamber (LArTPC) experiments, such as
MicroBooNE [46], are in a good position to identify high multiplicity hadron events. These
data may offer the opportunity to test neutrino hadronization processes. However, to test
hadronization models with hadron data from heavy nuclear targets such as argon, it is also
necessary to have a good model for primary interactions [6–8] and nuclear effects [47]. In
inelastic interaction processes, both primary interactions and nuclear effects play significant
roles and currently disagreements between data and predictions are not well understood [48].
Therefore, it is challenging to develop a hadronization model solely from neutrino experi-
mental data, and input from other fields, especially electron scattering experiments, is very
important.
9. Impact on hadronization models for PINGU
In previous sections, we discussed how PYTHIA can be improved inside GENIE in order to
reproduce neutrino bubble chamber data. However, it is not obvious how such improvements
affect current and future neutrino experiments, unless a realistic neutrino flux is integrated in
the interaction simulations. In this section, we use an atmospheric neutrino flux prediction to
simulate neutrino interactions in order to study how different hadronization models affect
analysis in PINGU [13], which will try to use hadronic information to improve their sensi-
tivity on oscillation physics.
PINGU is a low energy extension of the IceCube detector [49]. By placing optical
sensors closer together compared to the original IceCube detector, PINGU is able to measure
atmospheric neutrinos below 20 GeV where matter oscillations are important. Although
PINGU has a significantly smaller volume coverage compared with the 1 km3 IceCube
detector, the estimated PINGU volume coverage is still ∼6Mton and high statistics is
expected. The capability of atmospheric neutrino oscillation measurements has also been
demonstrated recently [50].
The goal of PINGU is to determine the neutrino mass hierarchy (NMH) through matter
oscillations. In the two-neutrino oscillation approximation, the muon neutrino disappearance
oscillation probability in the normal hierarchy (PNHab ) and the muon anti-neutrino dis-
appearance oscillation probability in the inverted hierarchy (PIHāb) are the same
(P P P P,NH IH NH IH¯ ¯= =ab ab ab ab ) [51]. Thus, it is also desirable to separate muon neutrinos and
muon anti-neutrinos where final state leptons are indistinguishable by Cherenkov detectors
such as PINGU.
Recently, Ribordy and Smirnov pointed out that the charge separation, through the
precise measurement of inelasticity distributions, improves the PINGU and ORCA NMH
sensitivity [51]. The same arguments may be applied to Hyper-Kamiokande [15] and DUNE
[16]. Since inelasticity measurements rely on the energy deposits of hadronic showers, it is
interesting to check the impact of different hadronization models in this situation.
For this purpose, we estimated the impact of hadronization models on the effective
inelasticity. We define the effective inelasticity from the visible hadron shower energy
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The first term is the sum of kinetic energies of charged hadrons above the Cherenkov
threshold. Here we assume that the charged hadrons above the Cherenkov threshold are
visible and we take into account their kinetic energies. The second term is the sum of all the
final state photons, including the decays of neutral mesons. Thus, the visible hadron energy
corresponds to the energy deposit from the hadronic system to the perfect photon detector,
where inefficiency is only from neutrons or hadrons below the Cherenkov threshold. Then,
the effective inelasticity, yeff, is defined by
y
E
E E
. 6eff h
vis
h
vis
( )=
+ m
Here Eμ is the muon (anti-muon) energy.
To simulate effective inelasticity on a water target, we modeled the atmospheric neutrino
flux with a simple formula (∼a + b · E− c, where c ∼ 2.8) which reproduces the typical
energy spectrum of atmospheric neutrinos [25, 26]. Then we simulate neutrino interactions
from 2 to 30 GeV, which is the energy region of interest for NMH analysis.
Figure 8 shows the simulated yeff distributions with arbitrary normalization. The yeff
distributions for neutrino and anti-neutrino interactions are well separated, however, yeff
distributions based on different hadronization models are very similar. This study does not
include the detector simulation, and the quantitative evaluation of the impact of hadronization
models in PINGU is difficult. However, the inclusion of a detector simulation in general
smears structures and it will make the results of two different hadronization models nearly
identical. This result can be understood from a simulated W distribution of PINGU. PINGU is
dominated by few GeV low W interactions (<5 GeV) where PYTHIA hadronization pro-
cesses have a minor role (figure 2). This indicates alternations of the hadronization model
Figure 8. Effective inelasticity distribution with atmospheric neutrino spectrum. Here,
all histograms are arbitrarily normalized. Solid histograms are muon neutrino
distributions, and dashed histograms are muon anti-neutrino distributions. Red
histograms are from GENIE with the default hadronization model, and blue histograms
are from GENIE with the modified hadronization model discussed in this paper.
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only provide minor changes to the systematics of the PINGU inelasticity measurement,
however, details have yet to be tested with a full PINGU detector simulation.
Conclusion
In this article, we studied neutrino hadronization processes in GENIE. Our main focus is to
improve the averaged charged hadron multiplicity, and it is shown that suitable para-
meterization developed by the HERMES collaboration dramatically improves the data-MC
agreement with neutrino bubble chamber data. However, this tuning may make the ◦p
multiplicity agreement slightly worse. Also dispersion of hadron multiplicity is still not under
control. All studies in the paper are qualitative in nature, and quantitative studies are beyond
the scope of this paper. At the present moment, PYTHIA parameter tunings based on fits to
neutrino experimental data are not being performed. An example of the difficulty of PYTHIA
tunings is the correlations between different PYTHIA parameters, as HERMES collaborators
noted [29]. In this article, we find that controlling the shape of the Lund string fragmentation
function using the Lund a and Lund b parameters is the key to control the averaged hadron
multiplicity, and a more precise tuning is left as a direction for future work. Near future
LArTPC experiments, such as MicroBooNE, could test the hadronization models by mea-
suring high hadron multiplicity events.
Finally, we tested different hadronization models with a modeled atmospheric neutrino
flux. It is seen that the difference in the inelasticity distributions is small, suggesting that
hadronization processes only play a minor role in the systematics for NMH analysis at
atmospheric neutrino oscillation experiments. Careful analysis including the detector simu-
lation will find more accurate systematics of hadronization interactions for future atmospheric
neutrino experiments, such as PINGU, ORCA, Hyper-Kamiokande and DUNE.
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